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ABSTRACT 
Nanostructured porous silicon has properties that make it a very promising 
biomaterial, particularly for sensing devices that need to be linked to the biological 
system. The unique feature of the material is its large surface area within small 
volume, controllable pore size, convenient surface chemistry and its compatibility 
with conventional silicon micro fabrication technologies. Porous silicon (PS) can be 
prepared by chemical or electrochemical etching processes and consists of nano- and 
microcrystalline domains with defined pore morphologies. The diameter, geometric 
shape and direction of the pores depend on svuface orientation, doping level and type, 
temperature, the composition of the etching solution and the current density. 
Porous silicon is also a biocompatible material and could prove to be the 
bridge that allows signals and informations to be transmitted between a 
semiconductor device and a biological system. It is a luminescent semiconductor that 
could play the roles of both transducer and the matrix. The PS matrix is suitable for 
biomolecule immobilization, provides a protective environment for the biomolecule 
and can transduce biorecognition events such as antigen-antibody binding, DNA, 
protein, enzymatic reactions, etc. 
An objective of the proposal is to study the growth of porous silicon on the 
silicon wafer by electrochemical method. PS surface was amino-silanised by a simple 
three-step method using 3-aminopropyhriethoxylsilane (APTS) that provides amine 
terminated surface The primary amine terminated PS surface reacted with either of 
two cross-linkers, glutaraldehyde and sulfo-NHS-biotin The biofiinctionalised 
1 
nanostructured surface was used to attach immunoglobulin and DNA using 
glutaraldehyde. Sulfo-NHS-biotin was used to immobilize streptavidin. Similar 
protocol has been adopted for DNA hybridization and streptavidin-biotin interaction 
on silicon nanowires. The work presented in this thesis has been discussed in five 
chapters. General Introduction is followed by experimental techniques used such as 
photoluminescence (PL), Fourier transform infrared spectroscopy (FTIR), X-ray 
photoelectron spectroscopy (XPS), scaiming electron microscopy (SEM), contact 
angle and nanodrop method, etc. 
Chapter 1 comprises of two parts; Part A deals with the process adopted for the 
formation of porous silicon surface and its characterization. Boron doped, single 
crystalline, p-type silicon (100) wafers were used for preparing PS by the 
electrochemical anodisation in an aqueous hydrofluoric acid and isopropyl alcohol 
solution at different current densities ranging from 20-70 mAcm'^. In this work, 
porosity calculated by gravimetric method is ~ 68-92% and pore-size -20-100 nm, 
for PS films formed at different Id (20-70 mAcm"^). Different elements that form this 
system have been presented and their influences on the porous silicon characteristics 
discussed. Various measurement techniques used for the characterization of the 
fabricated porous silicon layers have been explained. These techniques are Scanning 
Electron Microscopy, photolimiinescence and current-voltage. The present study can 
be attributed to the ease and speed of fabrication, remarkable optical and 
morphological properties of the porous silicon including tuneable pore size and 
porosity which make this nanostructured material poised to take centre stage in the 
biosensor development efforts. 
Part B of Chapter 1 deals with the process adopted for the formation of silicon 
nanowires and its characterization. A simple, cheap and rapid growth process of 
vertically aligned SiNW arrays of controlled length on p-type (100) silicon substrates 
using electroless wet chemical etching of Si in aqueous HF-AgNOs solution at room 
temperature has been demonstrated. Structural analyses of the as grown SiNTWs 
revealed that Si nanowires were the single crystalline having axial orientation 
identical to the silicon wafer used. SiNWs are formed due to the selective etching of 
the silicon surface directly in contact with Ag nanoclusters via self assembled nano-
electrochemical process wherein the Ag nanoclusters which are formed due to the 
reduction of Ag^ over the silicon surface act as the catalyst during etching process. 
The length of the SiNWs was found to be linearly dependent on etching time at room 
temperature. The simplicity of the present process may lead to the advancements and 
appUcations of SiNWs in opto-electronics and nano-electronic devices. Nanowire 
assembly and integration with microchip technology is emphasized as a key step 
towards the ultimate goal of biomolecules detection at the point of care using portable 
and low power electronic biosensor chips. 
The surfece modifications of porous silicon using APTS, its stability studies 
and characterization by PL, FTIR and XPS are discussed in Chapter 2. A simple 
silanization reaction to modify/ftmctionalise PS surface prepared at two current 
densities Id~20 and 50 mA cm' is presented. This reaction proceeds by hydrolysis of 
the surface sihcon-hydrogen groups that generated hydroxyl-terminated surfaces 
from freshly prepared PS. The fiinctionalization of the hydroxyl-terminated PS 
surface with silanization ree^ents proceeds by abstraction of Si02 to form an organic 
monolayer. The resulting monolayer is stable under a variety of humid conditions and 
retains the intrinsic structural properties of the PS layers. Surface functionalisation of 
nanostructured PS films and their stability under humid conditions are characterised 
using PL, FTIR and XPS techniques. PS films prepared at Id ~ 50 mA cm"^  having 
high PL intensity and stable surface bond configuration as compared to PS film 
prepared at Id ~20 mAcm"^ conforms its viability for the effective biofimctionalisation 
using APTS as precursor which can ensure covalent linking between the surface and 
biomolecules. The ease of this method of biofimctionalisation and low cost technique 
opens the possibility of using biofimctionalised PS in biosensing devices, microarray 
technology, organic semiconductors, and many other biotechnology and physics 
applications. 
In Chapter 3 immunoglobulin (Human IgG and Goat anti Human IgG) 
immobilisation to APTS fimctionalised porous silicon and surface characterization 
have been described. This study demonstrates that antibody (Human IgG) binds to the 
APTS derived PS surface by covalent bonds between the reactive amine group of the 
antibody and aldehyde group of the glutaraldehyde. This also demonstrates that 
antibody immobilised on PS surface binds selectively to its comphmentary antigen 
(goat anti-human IgG). The results fi-om XPS, FTIR and flouroscence microscopy 
have convincmgly proved the antibody-antigen binding on PS surface. Therefore, it 
can be concluded that PS surface can be used for bionanotechnology applications in 
general and unmunosensing in particular. 
Chapter 4 has two parts; Part A deals with the streptavidin-biotin interaction 
on modified porous silicon surface and in Part B modified silicon nanowire surface is 
utilized for streptavidin-biotin interaction. Nanostructured PS surfaces with pore size 
of -50-60 nm provide large and biocompatible surface areas for biospecific bonding 
of streptavidin. APTS fiinctionalized PS reacts with biotin-NHS at its amine group 
and the biotinylated surface subsequently binds with streptavidin. The ability to 
monitor these important chemical and biochemical reactions, and obtain a positive 
measure of streptavidin m porous silicon makes it possible to develop the use of PS 
for a broad range of applications in the field of biosensors. In addition, it can be 
expected that a tailored porous structure could also act as a matrix for a large variety 
of biological and chemical molecules. Immobilization of proteins on fiinctionalized 
PS surfaces constitutes a research area of considerable importance in emerging 
technologies employing biocatalj^ic and biorecognition events. 
Silicon nanowires have been utilized for the protein immobilization to 
demonstrate its biological selectivity and specificity. In the present study, APTS 
modified flat and nanostructured SiNW show streptavidin-biotin interaction. The 
binding capacity and efficiency of streptavidin on biotinylated surfaces were 
experimentally measured by the use of FTIR and XPS. SiNW showed the enhanced 
protein attachment as compared to flat silicon surface due to its large surface area and 
good molecular penetration to its surface. The methodology developed herein could 
be generalized to a wide range of protein-ligand interactions that relatively easy to 
conjugate biotin with diverse biomolecules such as antibodies, enzymes, peptides and 
nucleotides. 
Chapter 5 consists of two parts; Part A deals with DNA hybridization on 
fiinctionalised porous silicon. Silicon substrate has been used for the 
oligodeoxynucleotide immobilization and hybridization to demor^trate its biological 
selectivity/specificity. Present study shows that DNA oligonucleotides on flat and 
nanostructured porous silicon surfaces hybridized with the complementary probe 
attached to the flat and PS surfaces. However, PS surface exhibited the enhanced 
fluorescence intensity as compared to flat silicon surface due to hs large surface area 
and good molecular penetration into its pores. Both silicon surfaces characterised by 
FTIR, XPS and Nanodrop support the eiJianced DNA binding and hybridization on 
PS film. The results of this study reveal that controlled porous silicon layers are very 
good substrates for the absorption, stabilization and detection of DNA sequences. 
Based on these results it is concluded that porous silicon can be successfully 
employed for the development of DNA microarrays and microfabricated DNA 
sensors. 
Part B of this chapter deals with DNA hybridization on fiinctionalised silicon 
nanowire surface. Silicon nanowire has been used for the DNA immobilization and 
hybridization to demonstrate its biological selectivity/specificity. Present study 
indicates that hybridization of DNA oligonucleotides on nanostructured SiNW 
surface by complementary oligo with probe attached to the surface also exhibited the 
enhanced fluorescence intensity as compared to non-complementary oligo SiNW 
after surface modification and hybridization have been characterized by FTIR, XPS, 
and Nanodrop supporting the enhanced DNA binding and hybridization on SiNW. 
The results of this study reveal that controlled SiNW is very good substrate for the 
absorption, stabilization and detection of DNA sequences. Based on these results, it is 
concluded that SiNW can be successfully employed for the development of DNA 
microarrays and microfabricated DNA sensors. 
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GENERAL INTRODUCTION 
Nanotechnology is the study of the control of matter on an atomic and molecular 
scale. It generally involves development of materials and devices of the size 1-100 
nanometers (imi). Dimensions upto few tens of nanometers are known as the 
nanoscale where unique phenomena enable novel applications. Nanotechnology 
involves imaging, measuring, modeling, and manipulating matter at this length scale. 
A single gold atom is about a third of a nanometer in diameter. Unusual physical, 
chemical, and biological properties can emerge in materials at nanoscale. These 
properties may differ from those of bulk materials and single atoms or molecules. 
Nanotechnology has the potential to create many new materials and devices 
with a vast range of applications such as in medicine, electronics and energy 
production. On the other hand, nanotechnology raises same issues as with any new 
technology including concerns about the toxicity and environmental impact of 
nanomaterials [1]. Many areas of biomedicine are expected to be benefited from the 
produce of nanotechnology such as sensors for use in laboratory, clinic, human body; 
new formulations and routes for drug delivery, and biocompatible high performance 
materials for use in implants. Nanomedicine refers to future developments in 
medicine that will be based on the ability to build nanorobots. In future these 
nanorobots could actually be programmed to repair specific diseased cells. 
functioning in a way similar to antibodies in our natural healing processes. 
Nanotechnology may increase the capabilities of electronics devices by reducing their 
weight and power consumption. It may hold the key to making space-flight more 
practical. Advancements in nanomaterials may lead to the development of 
lightweight solar sails and cable for the space elevator. By significantly reducing the 
amount of rocket fuel required, these advances could lower the cost of reaching orbit 
and traveling in space. It is having an impact on several aspects of food science, from 
how food is grown to how it is packaged. Companies are developing nanomaterials 
that will make a difference not only in the taste of food but also in food safety and the 
health benefits that food delivers. Nanotechnology is being utilized to reduce the cost 
of catalysts used in fuel cells to produce hydrogen ions from fuel such as methanol 
and to improve the efficiency of membranes used in fuel cells to separate hydrogen 
ions from other gases such as oxygen. This technology plays an important role in 
developing nanotech solar cells that can be manufactured at significantly lower cost 
than conventional solar cells. Companies are currently developing batteries using 
nanomaterials which can be recharged significantly faster than conventional 
batteries. Nanotechnology can address the shortage of fossil fuels such as diesel and 
gasoline by making the production of fuels from low grade economical raw materials, 
increasing the mileage of engines. It can improve the performance of catalysts used to 
transform hazardous vapors escaping from cars or industrial plants into hannless 
gases. This is because catalysts made from nanoparticles have a greater surface area 
to interact with the reacting chemicals than catalysts made from larger particles. 
Nanotechnology is being used to develop solutions to three very different problems in 
water quality. One challenge is the removal of industrial wastes such as a cleaning 
solvent called Trichloroethylene (TCE) from groundwater. Nanoparficles can be used 
to convert the contaminating chemical through a chemical reaction to make it 
harmless. Studies have shown that this method can be used successfully to reach 
contaminates dispersed in underground ponds and at much lower cost than the 
methods that require pumping out the underground water for treatment. 
Nanotechnology can enable sensors to detect very small amounts of chemical vapors. 
Various types of detecting elements such as carbon nanotubes, zinc oxide nanowires 
or palladium nanoparticles can be used in nanotechnology-based sensors. Because of 
the small size of nanotubes, nanowires or nanoparticles, a few gas molecules are 
sufficient to change the electrical properties of the sensing elements. This allows the 
detection of a very low concentration of chemical vapours. 
Interdisciplinary research, recent advances in instrumentation and methods for 
applying nanotechnology to various areas in biology and medicine have led to a new 
generation of nanodevices that make it possible to characterize the chemical, 
mechanical, and other molecular properties, as well as discover novel phenomena and 
biological processes occurring at the molecular level. These advances provide science 
with a wide range of tools for biomedical applications in therapeutic, diagnostic and 
preventive medicine. This emerging field plays an important role in the development 
and use of nanobiosensors with various analytical techniques for the detection and 
monitoring of specific biomolecules. 
Nanotechnology is playing an increasingly important role in the development 
of nanobiosensors [1, 2]. The biosensors are defined as analytical devices 
incorporating a biological material such as tissue, microorganisms, organelles, cell 
receptors, enzymes, antibodies, nucleic acids, natural products, a biologically derived 
materials such as recombinant antibodies, engineered proteins, aptamers, etc or a 
biomimic such as synthetic catalysts, combinatorial ligands intimately associated with 
or integrated within a physicochemical transducer or transducing microsystem which 
may be optical, electrochemical, thermometric, piezoelectric, magnetic or 
micromechanical. Biosensors usually yield a digital electronic signal which is 
proportional to the concentration of a specific analyte or group of analytes. While the 
signal may in principle be continuous, devices can be configured to yield single 
measurements to meet specific requirements. Biosensors have been applied to a wide 
variety of analytical problems including those of medicine, drug discovery, 
environment, food processing industries, security, and defence. The emerging field of 
bioelectronics seeks to exploit biology in conjunction with electronics in a wider 
context encompassing for example, biological fuel cells and biomaterials for 
information processing, information storage, electronic components and actuators. 
Biosensors are a special class of sensing devices which use a biological 
mechanism to recognise a test species in a mixture. According to International Union 
of Pure and Applied Chemistry (lUPAC) definition, a biosensor is precisely defined 
as a self-containing integrated device, capable of providing specific quantitative or 
semi-quantitative analytical information using a biological recognition element which 
is in contact with a transduction element [3]. Biosensors are basically made up of 
three elements: (i) the selector (ii) the transducer and (iii) the detector. Selector is the 
biological component creating the recognition event when in contact with the 
substance to be detected, transducer transforms the interaction between the selector 
and the analyte in a physically measurable signal and the detector allows to process 
and display the physical chemical signal in a suitable form. 
Basic block diagram of biosensors: 
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Figure 1.1 Schematic diagram showing the main components of a biosensor [4] 
The biological component such as tissue, microorganism, cell receptor, 
enzyme, antibody, nucleic acid, etc. when interacts with the substance leads to a 
change in some physico-chemical parameters associated with the interaction that can 
be revealed by the transducer. The detector then provides a useful signal by working 
in a physicochemical, optical, electrochemical, thermometric, magnetic way, etc. as 
listed in Table 1. One of the most useful processes is the transformation of a 
biochemical reaction into an electric signal that may be in the form of current or 
potential because on one hand it is relatively simple to construct and handle 
electrochemical devices and on the other they can be miniaturized and integrated in 
electronic devices and process protocols. 
Table 1 Basic elements of a biosensor: some examples [5] 
Selector 
Enzyme 
Antibody 
DNA, RNA 
Receptor 
Transducer 
Current 
Potential 
Surface plasmon 
Impedance 
Detector 
Amperometric electrode 
Potentiometric electrode 
Laser light reflectometer 
Conductometer 
Biosensors in general are classified on the basis of the nature of the 
transduction method where one can distinguish amongst the electrochemical 
biosensors, amperometric biosensor, interferometric biosensor and so on. Another 
classification can also be made on the basis of the nature of the biological element 
such as enzymatic biosensors, geneosensors, immunosensors, etc. The main 
parameters characterizing the performances of a biosensor are selectivity, sensitivity, 
reproducibility, time response, stability and life time. Some of them depend upon the 
choice of the biological element used as selector, system geometry, working and 
storage conditions. Selectivity is the ability of a device to recognise a specific element 
in a mixture without interfering in the device performances deriving from addition of 
other substances. This property is strictly connected with the selectivity of the 
biological element used as selector, for example enzymatic biosensors have in general 
a high selectivity, deriving from the selectivity of enzymes. Sensitivity, 
reproducibility and time response depend on the biological element, the geometry of 
the system and the detection methods. 
Sensitivity and other attributes of biosensors can be improved by using 
nanomaterials in their construction. Nanomaterials, or matrices with at least one of 
their dimensions ranging in scale from 1 to 100 nm, display unique physical and 
chemical features because of effects such as the quantum size effect, mini size effect, 
surface effect and macro-quantum tunnel effect. The living organisms have various 
nanoscale structural and functional units, ranging between 1 and 100 nm (Fig. 1.2) 
where nanotechnology research is focused. These units are then orgainzed into 
higher-order structures. 
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Figure 1.2 Comparative sizes of some nanomaterials and key biological structures 
Nanobiomaterials research is motivated and inspired by what we can learn 
from the living organisms and how we can mimic their frmctions. Use of 
nanomaterials in biosensors allows the use of many new signal transduction 
technologies in their manufacture. Because of their submicron size, nanosensors, 
nanoprobes and other nanosystems are revolutionizing the fields of chemical and 
biological analysis to enable rapid analysis of multiple substances. Novel 
nanomaterials for use in bioassay applications represent a rapidly advancing field. 
Various nanostructures have been investigated to determine their properties and 
possible applications in biosensors. These structures include nanotubes, nanofibers, 
nanorods, nanoparticles and thin films [7]. There are two approaches to realising a 
nanostructure. One is the self-assembly of molecules which is 'bottom-up approach' 
and is popular with biologists and chemists. This is the basis of most gas phase 
'cluster science' and 'nanocrystal' synthesis via chemical routes. The other is the 
breaking up of a bulk structure into nanosize units which is 'top-down approach' and 
is popular with solid state physicists and engineers who use techniques such as 
mechanical milling, chemical etching, lithographic patterning and micromachining 
etc. [6]. 
Nanostructure material that is being pursued extensively for nanosensing 
applications is nanocrystalline silicon particularly porous silicon and silicon 
nanowires [8-11]. It is not surprising that silicon is now making a major debut in the 
therapeutics sector although it has been doing indirectly for many years through the 
numerous electronic products and devices such as pacemakers, anti-arrhythmia 
devices, table top drug infusion devices, etc., that are used every day in hospitals. 
However, it is the combination of the electronic properties of silicon with the abilit) 
to miniaturise that is now paving the way to a new era in 'implantable' medical 
products. In addition to the 'smart' properties of the element that permit the 
fabrication of devices based on the microchip. For example, silicon-based Micro-
Electro-Mechanical Systems (MEMS) offers a great potential for small devices with 
minimal power consumption, high reliability, regulatory potential that at times leaves 
many drug delivery technologies stand still. Recent research suggests that silicon is 
not only bio-friendly but also potentially lends itself to an array of applications 
including drug delivery, tissue engineering and diagnostic functions in the body 
(Physics World, New Scientist). The key properties of silicon that are now coming 
together to provide a tantalizing array of possibilities are summarised in Table 2 [6]. 
Table 2 Silicon: Properties and scope 
Property 
Semiconductivity 
Crystal stability 
Micromachinability 
Purity 
Luminescence 
Light absorption 
Light reflectivity 
Biocompatibility 
Biodegradability 
Potential scope 
Microelectronics and oscillator-based timing accuracy 
Thermally and mechanically robust structures 
Microsensors and microactuators 
Electronics-grade silicon has a purity that would be the envy 
of most pharmaceuticals (99.9%) 
Visibly fluorescent particles through nanostructuring 
Photodiodes for the visible/near infrared 
Mirrors via nanostructured multilayers 
A relatively bioinert material for tissue interfacing 
Nanostructured silicon will degrade without apparent toxicity 
in vivo 
During the last decade there has been increasing interest in rendering the 
materials particularly semiconductor highly porous by electrochemical etching 
techniques [12]. Using hydrofluoric acid-based solutions, nanometre-size pores with 
exceptionally high aspect ratios can be generated in silicon with a high degree of 
control and repeatability. The resultant material is still pure silicon, but it behaves 
very differently compared to non-porous 'bulk' silicon. It becomes strongly 
fluorescent in the visible range of spectra. In fact, it is this light-emitting property that 
has attracted the attention of physicists and semiconductor engineers. The first 
investigations on how nanostructured silicon might behave within biological 
environments were carried out in Malvern, U.K. (1995). During studies it was 
observed that thin layers of highly porous silicon or polycryslalline silicon of 
nanometre size grains dissolve completely in simulated human plasma. In other 
words, nanostructured silicon was shown to be biodegradable in vitro [6, 12], The 
behaviour of porous silicon in other simulated body environments as well as its 
biodegradability tested in vivo in the subcutaneous site has now also been assessed. 
Biocompatibility is the ability of a material to interface with a natural 
substance without provoking a defense response. The human body typically responds 
to contact with synthetic materials by depositing proteins and cells at the surface of 
the materials. This can cause inflammation and rejection of devices manufactured 
from non-compatible materials. The majority medical devices are made from 
'bioinert' materials such as titanium, stainless steel, etc., that generally do not interact 
with the biological environment and are 'tolerated' by the human body. A biomaterial 
can be biocompatible even if it binds to living tissue. The success of any medical 
implant depends on the behaviour of cells in the vicinity of the interface between the 
host and the biomaterial used in the device. All biomaterials have morphological, 
chemical and electrical surface characteristics that influence the response of cells to 
the implant. The initial event is the adsorption of a layer of protein on to the 
biomaterial. Porous silicon can be a bioactive, a bioinert or a 'resorbable' material, 
depending on the characteristics of the layer and on the environment in which it is 
inserted [13]. Porous silicon completely dissolves in aqueous solutions, in 
physiological simulated conditions, showing a complete biodegradability [14]. 
Cahnam et al. [15] showed that the rate at which porous silicon is degraded by the 
body is tunable by surface chemistry. In vitro studies involving the immersion of 
various kinds of material in simulated body fluids show that the immersion of meso-
and nano-porous silicon with suitable porosity, induces in some cases the 
precipitation of a form of hydroxyapatite that is the mineral phase of bone, on its 
surface [16].The bioactivity towards living cellular systems has also been investigated 
and, till now no toxic effects have been observed from the silicon structure or its 
degradation products on the adhered cells [17]. All these observations demonstrate 
the potentialities of porous silicon for the construction of m vivo implantable devices 
for controlled release of drugs, diagnostics of the bodily functions, replacements of 
failed bodily processes, etc.[18] At present, a particular kind of nanostructured silicon 
(BioSilicon ) has already been patented by the company PSiVida mainly for drug 
delivery applications within the human body. Since the discovery of its strong visible 
luminescence at room temperature, porous silicon has also attracted considerable 
interest in its possible use in construction of biosensors. Its ability to emit light is due 
to its tiny pores that range from less than 2 nm to micrometer dimensions. In addition, 
porous silicon possesses a high surface to volume ratio upto 500 m cm ' and it can 
be fabricated easily using established processes of the conventional silicon process 
technology. Porous silicon has been used as an optical interferometric transducer for 
detecting small organic molecules such as biotin, digoxigenin, 16-nucleotide DNA 
oligomers, streptavidin and antibodies at pico- and femtomolar analyte concentrations 
[19, 20]. Microcavity resonators made of porous silicon have been used in biosensors. 
These resonators possess the unique characteristics of line narrowing and 
luminescence enhancement. Chan et al. fabricated a DNA biosensor based on a 
porous silicon microcavity structure [21], The microcavity structure was highh 
sensitive and any slight change in the effective optical thickness modified its 
reflectivity spectrum, causing a spectral shift in the interference peaks. Potentiometric 
biosensors based on porous silicon have been described [22]. The enzymes 
penicillinase and lipase were separately immobilized on the surface of porous silicon 
to detect penicillin and triglycerides [23-25]. The hydrolysis reactions caused a 
change in the pH of the solution. The enzyme solution-oxidized porous silicon-
crystalline silicon structure was used to detect the changes in pH during hydrolysis as 
a shift in the capacitance-voltage (C-F) characteristics. 
Besides the judicious use of silicon in producing nanostructured porous 
silicon, silicon nanowires which are of greater importance are used to attach 
biomolecule for sensing application [26]. The high surface-to-volume ratio of 
nanostructures such as carbon nanotubes [27-29], silicon nanowires [30, 31], SnOi 
nanowires [32] and ln203 nanowires [33] is generally believed to be related to change 
of surface charge of nanostructures in presence or absence of analyte species. Out of 
the above stated nanostructures silicon nanowires are of special interest because their 
surface can be easily modified to act as both electron-transfer mediators and 
immobilizing matrices for biological or chemical molecules [34, 35]. The amine and 
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oxide-functionalized silicon nanowires exhibited pH-dependent conductance that was 
linear over a large dynamic range and could be understood in terms of the change in 
surface charge during protonation and deprotonation. Biotin-modified silicon 
nanowires were used to detect streptavidin down to at least a picomolar concentration 
range. In addition, antigen-functionalized silicon nanowires showed reversible 
antibody binding and concentration-dependent detection in real time. The small size 
and capability of these semiconductor nanowires for sensitive, label-free, real-time 
detection of a wide range of chemical and biological species can be exploited in 
array-based screening and in vivo diagnostics [7]. 
There is a dire need to develop different types of biosensors for the better and 
sensitive monitoring of the health and the drug delivery systems. During the present 
study, efforts have been made to form nanostructured material such as porous silicon 
and silicon nanowires. Also, their interaction with biological elements such as 
protein, DNA and immunoglobulin and potential application in developing compact, 
re-usable, cost effective biosensor having high detection efficiency evaluated. There 
are many techniques to produce surfaces with well controlled chemical and 
topographical features on a nanometre scale such as electron beam lithography. 
However, most methods are too slow to be used in production of large surface areas 
and for production on a larger scale. Interest lies, therefore, in finding a method by 
which nanometre scale porosity can be produced in a faster way. In the present study, 
electrochemical etching of silicon wafers in hydrofluoric acid (HF) has been used in 
the preparation of porous silicon or silicon nanowires on a nanometre scale for 
potential use as biosensors. The unique features of the material are its large surface 
area within small volume, controllable pore size, convenient surface chemistry and 
compatibility with conventional silicon microfabrication technologies. For the 
biosensor applications of porous silicon, biomolecules have to be first immobilised on 
its surface through functional groups deposited on it. The common approach is to 
functionalize the inner pores' surface or nanowires by means of some chemical 
species adapted for the chemical bonding between for example, porous silicon surface 
and the biomolecules and improve the amount of biomolecules bonded to the pores' 
surface. In the present study porous silicon or silicon nanowires surface was bio-
functionalised by a simple three-step method. For example, in case of porous silicon 
hydrogen-terminated surface was oxidised and amino-silanised by 3-
aminopropyltriethoxyl silane that provides amine terminated surface. In the second 
step, the primary amine reacted with either of two cross-linkers, glutaraldehyde and 
suifo-NHS-biotin. Finally, functionalised nanostructured surface was used to attach 
immunoglobulin and DNA using glutaraldehyde and sulfo-NHS-biotin was 
immobilized to bind streptavidin. Similar protocol has been adopted for DNA 
hybridization and streptavidin-biotin interaction on silicon nanowires. The covalent 
attachment of biomolecuies to the surface through cross-linking molecules was 
characterized by Fourier Transform Infrared spectroscopy (FTIR) to identify 
formation and breaking of chemical bonds at each stage of adsorption. The FTIR 
results were also corroborated with X-ray Photoelectron Spectroscopy (XPS) data 
which provided information on elements and on their chemical bonds, allowing the 
identification of different chemical compounds. 
The work mentioned above has been discussed in five chapters of the thesis. 
General Introduction is followed by experimental techniques used such like 
photoluminescence (PL), Fourier transform infrared spectroscopy (FTIR), X ray 
photoelectron spectroscopy (XPS), scanning electron microscopy (SEM), contact 
angle, nanodrop method, etc. In Chapter 1 comprises of two parts; Part A deals with 
the process adopted for the formation of porous silicon surface and its 
characterization and Part B deals with the process adopted for the formation of silicon 
nanowires and its characterization. The surface modification of porous silicon using 
APTS, its stability studies and characterization by PL, FTIR, and XPS are discussed 
in Chapter 2. In Chapter 3 immunoglobulin (Human IgG and Goat anti Human IgG) 
immobilisation to APTS functionalised porous silicon and surface characterization 
have been described. Chapter 4 has two parts; Part A deals with the streptavidin-
biotin interaction on modified porous silicon surface and in Part B modified silicon 
nanowire surface is utilized for streptavidin-biotin interaction. Chapter 5 is also 
presented in two parts; in Part A, DNA hybridization on functionalised porous silicon 
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and in Part B DNA hybridization on functionalised silicon nanowire surface have 
been presented. 
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CHARACTERIZATION TECHNIQUES 
A combination of microscopic and spectroscopic techniques was used to characterize 
the semiconductor nanomaterials prepared by chemical/electrochemical methods. We 
have employed Fourier Transform Infrared (FTIR) spectroscopy and X-ray 
Photoelectron spectroscopy (XPS) for the structural and compositional analysis of the 
samples. The Photoluminescence (PL) was also studied in nanomaterial. Furthermore, 
the morphology of the nanomaterial is viewed under Scanning Electron Microscopy 
(SEM). NanoDrop, Phosphoimager and Contact Angle techniques were also used for 
surface characterisation. This chapter deals with the description of above techniques. 
Scanning Electron Microscopy (SEM) 
SEM has been widely used to study of surface morphology. SEM technique uses the 
intensity of secondary emissions, usually abroad energy distribution of secondary 
electron. Some of these electrons that recombine with ions at the surface are the basis 
for the SEM imaging capabilities. The SEM shows very detailed 3-dimensional 
images at much higher magnifications than is possible with a light microscope. The 
images created without light waves are rendered black and white. The contrast in the 
image is result of differences in scattering from different surface areas as a result of 
geometrical differences. 
A microscope creates an image of a sample by scanning the sample with an 
electron beam. Secondary electrons subsequently emitted form the sample are 
collected in the microscope detector and are reconfigured at various magnifications 
on a cathode ray tube as an image of the sample. Samples have to be prepared 
carefully to withstand the vacuum that exists inside the system. The sample is placed 
inside the system chamber under vacuum column using a load lock arrangement 
where an electron gun at the top emits a beam of high energy electrons. This beam 
travels downward through a series of magnetic lenses designed to focus the electrons 
to a very fine spot. Near the bottom, a set of scanning coils moves the focused beam 
back and forth across the specimen, row by row. As the electron beam hits each spot 
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on the sample, secondary electrons are knocked loose from its surface. A detector 
counts these electrons and sends the signals to an amplifier. The final image is built 
up from the number of electrons emitted from each spot on the sample. A photograph 
of the system (LEO-440, Oxford ISIS) used in the present study is shown in Fig. 2.1 
whereas the schematic of the SEM is depicted in Fig. 2.2 
Figure 2.1: Scanning Electron Microscope 
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Figure 2.2 Schematic diagram ofSEM 
Photoluminescence Measurements 
Photoluminescence (PL) spectroscopy is one of the robust and well understood tools 
to study optical properties of semiconductors. A wealth of literature is available on 
the luminescent behaviour and band structure of semiconductor nanostructures. 
Optical properties of a material are due to various transitions present in its band 
structure and can be elucidated with the help of a PL study. 
In a typical PL experiment in semiconductor the sample is excited from 
ground state which is a completely filled valence band (VB) to the empty conduction 
band (CB). Energy pumped for excitation (hco) is greater than the band gap of the 
material. Laser exposure creates electron-hole pairs due to a transfer of electrons from 
19 
VB into CB that leads to the non-equilibrium electron and hole distributions tend to 
relax into the ground state. The initial intraband relaxation followed by energy 
transfer to the crystal lattice (i.e. a step by step excitation of lattice vibration) 
followed by the electron-hole pair recombines leading to the emission of light which 
is a photoluminescence process. (Fig. 2.3) 
Due to attractive Coulomb interaction between the charge carriers, the 
emission does not only contain contributions from states at or above the fundamental 
energy gap (Egap) but also sharp discrete lines (transitions) just below Egap are 
produced which originates from bound excitonic states[l]. 
I-Laser pulse 
excitation 
Mm-
Il-Intra band 
Relaxation 
Ill-
Recombination 
/luminescence 
mif 
Figure 2.3 Schematic of the basic processes involved in a typical luminescence 
experiment in optically excited semiconductors 
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The technique of photoluminescence (PL) has become one of the important 
tools for obtaining information on the nature of nanostructures such as quantum dots. 
In bulk materials the luminescence often resembles a standard direct absorption 
spectrum, therefore, there is little advantage in studying the details thereof High 
photon excitation energies above the band gap can be most effective for luminescence 
studies of bulk materials, but it has been found that for the case of nanoparticles the 
efficiency of luminescence decreases at high incoming photon energies. Non radiative 
relaxation pathways can short-circuit the luminescence at these high energies, and it 
is of interest to investigate the nature of these pathways [2]. 
Figure 2.4 Home assembled PL system 
PL is a static process in which input energy for excitation is fixed and output 
which is in the form of varied response (PL emission intensity) is recorded for all 
available range of wavelength (k). In the present study, a home assembled system 
(Fig. 2.4), consisting of a two stage monochromator, a photomultiplier tube (PMT) 
with a lock-in amplifier for PL detection, and an Ar^ ion laser operating at 488 run 
and 5mW (corresponding to 0.125 Wcm"^) for excitation was used. The 
measurements were software controlled, the automation was done using a personal 
computer (PC) and an IEEE 488 interface card. 
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Fourier Transform Infrared Spectroscopy 
Fourier Transform Infrared (FTIR) spectroscopy is an important tool that can be used 
in conjunction with other methods such as UV and NMR spectroscopy or alone to 
quickly establish the presence or absence of certain structural and functional groups 
in a molecule [3]. One can also use the unique collection of absorption bands to 
determine the purity of the material and to detect the presence of impurities. 
Fourier Transform Infrared (FTIR) spectroscopy functionality is based on the 
principle that almost all molecules absorb infrared (IR) light (X>800nm). Only the 
monatomic (He, Ne, Ar, etc) and homopolar diatomic (H2. N2, O2, etc) molecules do 
not absorb IR light. Molecules only absorb IR light at those frequencies where the IR 
light affects the dipolar moment of the molecule. In a molecule, the difference of 
charges in the electronic fields of its atoms produces the dipolar moment of the 
molecule. Molecules with a dipolar moment allow infrared photons to interact with 
the molecule causing excitation to higher vibrational states. Only an oscillating dipole 
can absorb the IR light, provided that the frequency is matching. The intensity of the 
absorption (I) is proportional to the square of the change in dipole moment (ji) [4]: 
loz 
1Q 
{2.1} 
where Q is the displacement coordinate of the motion. 
If a stretch does not change the dipole moment, there would not be any IR 
band. The FTIR spectrum is conventionally presented in the form of a graph of 
transmittance (T) or absorbance (A) against frequency (k) or wave number (v in cm"') 
T = --,A = \og 
lo 
h 
I 
{2.2} 
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where lo is the intensity of incident ray, and I is the intensity of light at depth 1 in the 
medium. Quantitative IR analysis is based on Beer-Lambert law. 
A FTIR spectrometer is an instrument which acquires broadband near-IR 
(<650 cm"') to far-IR (>4000cm"') spectra. Unhke a dispersive instrument, i.e. grating 
monochromator or spectrograph, a FTIR spectrometer collects all wavelengths 
simultaneously. FTIR is typically based on a Michelson Interferometer outlined in 
Figure 2.5. 
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Figure 2.5 Schematic diagram showing layout of optical components in a Michelson 
interferometer. 
The interferometer consists of a beam splitter, a fixed mirror, and a mirror that 
translates back and forth, precisely. The beam splitter is made of a special material 
that transmits 50% of the radiation striking it and reflects the other half Therefore, 
the interferometer splits a beam of radiation into two and then recombines the two 
beams after introducing a path difference. The X-axis of the interferogram represents 
the optical path difference (OPD). Each individual spectral component contributes to 
this signal. Once an interferogram is collected, it needs to be translated into a 
spectrum (emission, absorption, transmission, etc.). The process of conversion is 
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through the Fast Fourier Transform algorithm. This method was discovered by J.W. 
Cooley and J.W. Tukey in 1965. 
IR spectroscopy has been extensively used to characterize organic compounds 
to detect functional groups with specific vibration frequencies. Of late, researchers 
working in the field of nanosciences have started exploiting this technique to record 
various vibrational frequencies in any nanomaterial. To check the presence or absence 
of any specific chemical species and its coordination state in the nanomaterial, FTIR 
analysis is carried out in a narrow frequency interval where the species of interest has 
characteristic absorption [5]. The normal way to approach the interpretation of an IR 
spectrum is to examine the functional group region to determine which groups might 
be present, then to note any unusually strong bands or particularly prominent patterns 
in the fingerprint region. Multiplex advantage achieved with the FTIR measurement 
minimizes the adverse effects of environment on the highly-responsive surface of a 
nanomaterial. FTIR spectra with its superior resolution facilitates in capturing the 
vibrational modes arising from the various functional groups present in a 
nanomaterial. In the present study, FTIR spectra were recorded with a single beam 
Perkin Elmer instrument (Spectrum BX-500) FTIR Model spectrophotometer (Fig 
2.6). This spectrometer allows to collect spectra in mid-IR, far-IR and near-IR 
spectral ranges. The spectrum contains a CDRH Class II Helium Neon (HeNe) laser 
which emits continuous visible wave radiation at a wavelength of 633nm and has 
maximum output power less than ImW. 
Figure 2.6 Perkin Elmer FTIR system 
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The recording abscissa range of this instrument is 400-4000cm"'. Each 
spectrum was collected with 64 scans co-added at 4cm"'resolution. The normal 
operation mode of this spectrometer is at stabilized temperature. The spectrometer 
utilizes continuous dynamic alignment to ensure exceptional high-resolution line 
shapes. Its compact optical path minimizes beam path length and improves spectral 
performance by limiting the number of beam reflections, which translates into 
extremely reproducible results with no instrument drift. Before measurement the 
system is properly sealed and desiccated. The desiccant protects the beam splitter and 
other optical components against the moisture and water vapors. 
X-ray Photoeiectron Spectroscopy 
X-ray Photoeiectron Spectroscopy (XPS) was developed in the mid 1960s by K. 
Siegbahn and his research group [6] for which Siegbahn was awarded the Nobel Prize 
for Physics in 1981. Since than XPS has emerged as a key tool to carry out surface 
analysis and is an integral part of surface physics. The phenomenon of XPS is based 
on the photoelectric effect outlined by Einstein in 1905 where the concept of the 
photon was used to describe the ejection of electrons from a surface when photons 
impinge upon it. The most interesting aspect of this technique is its ability to measure 
binding energy variations resulting from their chemical environment. 
XPS also referred to as Electron Spectroscopy for Chemical Analysis (ESCA), 
irradiates the sample surface with a soft monoenergatic (low energy) X-ray that 
excites the electrons of the sample atoms and if their binding energy is lower than the 
X-ray energy, they get emitted from the parent atom as a photoeiectron [6]. Only the 
photoelectrons at the extreme outer surface (1-lOnm) can escape the sample surface, 
making this a powerful surface analysis technique. 
The X-ray photons penetrate the surface (~l-10fam) and emit electrons by 
photoelectric effect. Kinetic energy (KE) of the emitting electrons can be written as: 
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where 
hv - Energy of incident photon, 
BE = Binding energy of atomic orbital from which elecfrons originate, and 
Os = Spectrometer work function. 
In addition to the emitted photoelectrons in the photoelectric process. Auger 
electrons are emitted due to relaxation of the energetic ions left after photoemission 
(Fig 2.7). The Auger elecfron emission occurs roughly 10"''* seconds after the 
photoelectric event [7]. Probability of interaction of the electrons with matter far 
exceeds those of photons. While the path length of the photons is of the order of ^m 
but that of electrons is of order of nm. 
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Figure 2.7 Diagram of the photoelectric process (left) and the Auger process (right) 
The electrons, which originate from nm below the surface of about few nm, 
leave the surface without energy loss and results as in the spectra peaks. Those 
electrons that undergo energy loss processes before merging form background or alter 
line shapes. 
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A Perkin Elmer-1257 X-ray photoelectron spectrometer using Al Ka 
(E=1486.6eV) or Mg Ka (1253.6eV) radiation and a hemispherical section analyzer 
with 25meV resolution was employed to obtain X-ray photoelectron spectra .The 
picture of XPS system used is shown Fig 2.8 
Figure 2.8 X-ray Photoelectron Spectrometer 
The UHV chamber consisted of a high precision sample manipulator, Mg Ka 
(1253.6eV) X- ray anode, a high-resolution hemispherical analyzer (25meV) and a 0-
5KeV differentially pumped Ar^ ion gun. Survey scans and core level spectra were 
obtained using pass energies of lOOeV and 40eV, respectively. The schematic 
representation of the working of the XPS system is shown in Fig. 2.9. The resolution 
provided by the system used in the present study is 0.1 eV at 90% of the peak height. 
Before collecting the data, the samples were vacuum dried to remove extraneous 
impurities. XPS was performed at a base pressure of 5x 10"'° torr. 
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Figure 2.9 Schematic representation of the instrument used for XPS characterization 
XPS is utilized to obtain information on elements and on their chemical 
bonds, allowing the identification of the different chemical compounds that could be 
present on the sample surfaces. This technique gives information on the first atomic 
layers, although it is possible to study the deeper layers by using sputtering of the 
layers. The atomic sensitivity is about 0.1% and it is able to detect all the elements 
except H and He. 
XPS is a non-destructive technique which provides following information: 
a) information on the chemical bond 
b) concentration analysis of the elements 
c) elemental and chemical depth profiles 
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d) possibility to analyze conductive & insulator materials. 
In short, XPS is a dedicated surface characterization technique that reveals 
which chemical elements are present at the sample surface. It also provides 
information on the nature of the chemical bond which exists between the elements 
and appropriate data processing may also lead to the specimen elemental 
composition. 
XPS is used in research, development and manufacturing of nanomaterials. 
The binding energies of the peaks are characteristic of each element. These peak areas 
can be used (with appropriate sensitivity factors) to determine the composition of the 
material surface. Since composition of the surface material can be estimated by XPS, 
this technique can be utilized to determine the surface-stoichiometry of the 
semiconducting nanomaterial synthesized by various methods. The shape of each 
peak and the binding energy can be altered slightly by the chemical state of the 
emitting atom. Hence XPS can provide information about the chemical bonding in the 
new material. Moreover, doping/impurity in the nanomaterial can also be checked by 
XPS. Since this technique is able to provide the chemical composition of various 
material surfaces up to 1 nm depth, it is possible to find out the local chemical 
environment of the surface of a nanomaterial. It becomes more important as in the 
case of nanoscale materials, the surface to volume ratio increases and, therefore, 
enhanced surface energies give rise to drastically different properties as compared to 
bulk. Due to enlarged surface area, the reactivity of the nanomaterial surface is higher 
and, therefore, its propensity to attach with environmental atoms or molecules is 
enhanced. 
Dial Gauge 
This equipment is used to measure the thickness of the starting wafer using 
compression of a spring. The instrument used is shown in Fig 2.10 
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Figure 2.10 Photograph of thickness measurement gauge 
Resistivity Processor 
This equipment has four equally coUinear probes where two extreme probes are used 
for current application whereas the two inner for voltage measurement. If a current I 
is passed through the outer probes, voltage is developed across the inner probes. 
Using V/I relation we can calculate the resistance, resistivity and sheet resistance of 
the wafers. The resistivity processes also known as four point probe (Kube and Soffa 
model 5000) is used to measure the resistivity, VA and sheet resistance (Fig 2.11). 
Figure 2.11 Photograph of microprocessor based collinear four-point probe for 
resistivity measurement 
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Type tester 
Type tester is basically used to detect the conductivity type of wafer whether it is n-
type or p-type material. It is based upon the principle of Seebeck effect. In 1821, 
Estonian-German physicist, Seebeck demonstrated the occurrence of electrical 
potential in the junction-point of two dissimilar metals to form a loop or circuit. Two 
junctions were formed by connecting the ends of the wires to each other. It is the 
basis of the thermocouple and is exploited for accurate measurement of temperature 
(Fig. 2.12). 
Figure 2.12 Type Tester 
In case of p-type wafer the holes move away from the hot probe and are 
collected by the cold probe. In case of n-type wafer the electrons move away from the 
hot probe and are collected by the cold probe. Therefore, direction of current is 
different in case of n-type wafers and p- type wafer which has been exploited in the 
system used for conductivity type testing. 
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Contact Angle 
Contact angle, q, is a quantitative measure of the wetting of a solid by a liquid. It is 
defined geometrically as the angle formed by a liquid at the three phase boundary 
where a liquid, gas and solid intersect as shown below (Fig. 2.13). 
Figure 2.13 Geometrical representation of contact angle formation 
It can be seen from the figure that low values of q indicate that the liquid 
spreads, or wets well, while high values indicate poor wetting. If the angle q is less 
than 90 the liquid is said to wet the solid. If it is greater than 90 it is said to be non-
wetting. A zero contact angle represents complete wetting. Most natural materials are 
hydrophilic. The evaluation of hydrophilicity is made through water contact angle 
measurements. A water droplet would occupy as long surface of the hydrophilic 
material as possible. So the water contact angle will be significantly low (Fig. 2.14 
(a)). Water would be repelled by hydrophobic material. So a water droplet would try 
not to touch large area of the surface and the shape of the droplet would be spherical. 
The evaluation of hydrophobicity is made through water contact angle measurements. 
If water droplet is spherical, the water contact angle will be significantly high (Fig. 
2.14 b). 
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Figure 2.14 Contact angle for (a) hydrophilic and (b) hydrobhobic material 
Contact angle can be obtained by measuring the tangent angle of a liquid drop 
on a solid surface base. Apparent contact angle measvirement is a quantitative 
measurement of the intermolecular force field, which is a usefiil description of the 
complex dynamic molecular world at interfaces and contact line. Although the 
interpretation of contact angle needs to be discussed, the measurement is worthwhile 
to perform due to its simplicity. 
Two different approaches are commonly used to measure contact angles 
goniometry and tensiometry. Goniometry involves the observation of a sessile drop of 
test liquid on a solid substrate. Tensiometry involves measuring the forces of 
interaction as a solid is contacted with a test liquid. 
Figure 2.15 Instrument for Contact Angle measurement 
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We have employed sessile drop method for contact angle meseaurements 
wherein drops of liquid are deposited on a solid surface (DSA 10, KRUSS, GmbH, 
Hamburg). In this study, a syringe fdled with deionised water was placed just above 
the surface (Fig. 2.15). One droplet of water was carefully released from the syringe 
onto the surface and the angle between the surface and the line tangent to the droplet 
from the point of contact with the solid was estimated. 
Tangent method 1 
The complete profile of a sessile drop is adapted to fit a general conic section 
equation. The derivative of this equation at the intersection point of the contour line 
with the baseline gives the slope at the 3-phase contact point and therefore the contact 
angle. If dynamic contact angles are to be measured, this method should only be used 
when the drop shape is not distorted too much. 
Tangent method 2 
That part of the profile of a sessile drop which lies near the baseline is adapted to fit a 
polynomial function of the type (y=a+bx+cx°'Vd/lnx+x^). The slope at the 3-phase 
contact point at the baseline and from it the contact angle is determined using the 
iteratively adapted parameters. This function is the result of numerous theoretical 
simulations. The method is mathematically accurate, but is sensitive to distortions in 
the phase contact area caused by contaminants or surface irregularities at the sample 
surface. 
As only the contact area is evaluated, this method is also suitable for dynamic 
contact angles. Nevertheless, this method requires an excellent image quality, 
especially in the region of the phase contact point. 
Phosphoimager 
Phosphoimager (Fig. 2.16) is used to image objects emitting X-Rays. A 
phosphoimager in principle replaces X-ray film. The advantages compared to film are 
34 
that the exposure times are considerably shorter (usually 5 - 1 0 times) and that the 
dynamic range is vastly better. Images are in practice very rarely overexposed. The 
resolution is usually much lower. 
The sample is placed in close contact with the imaging screen and exposed 
analoguously to normal autoradiography. The images produced can be saved in 
digital format for later analysis. Saved images can be moved to other computers for 
instance for image analysis, printing or slide making. 
Figure 2.16 Phosphoimager 
Phosphoimager (Typhoon 9210, Amersham Biosciences) was used to detect 
the fluorescent signals. A phosphor imager is based on imaging plates that replace 
normal X-ray film in autoradiographic measurements. An imaging plate consists of a 
thin layer of special crystals doped with lanthanides. Radioactive radiation excites the 
crystals and a latent image of the sample is formed on the plate. The image is read 
into the computer by scanning the plate with a red laser beam using a dual optical 
fiber. The red light further excites the preexcited phosphor particles causing emission 
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of blue light. The intensity of this emission is measured with a photomultiplier and 
used to construct an image of the sample. 
Nanodrop 
Methods for determining DNA/protein concentration that use progressively smaller 
amounts of material are continually being developed. A new way of minimizing the 
amount of sample used for spectroscopic analysis is providing more opportunities for 
greater quality control. Traditional spectrophotometric and fluorometric methods for 
determination of DNA/protein concentrations have long required placing samples into 
contairmient devices such as cuvettes or capillaries. A microsample retention system 
is changing that paradigm by using natural surface tension properties to capture and 
hold microvolimie samples in place during measurement without traditional 
containment devices. The advantage of such a system is to dramatically reduce the 
amount of sample required (1 to 2 ^1) while greatly increasing the dynamic range of 
DNA/protein concentrations that can be measured. 
Figure 2.17 Nanodrop 
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Absorbance analysis of limited-volume samples has become of paramount 
importance as more molecular biology techniques require accurate quantitation of 
proteins with minimal sample consumption. Many protein purification and isolation 
techniques produce a very limited sample; thus conventional spectrophotometric 
methods are impractical or impossible. The classic approach to address the problem 
of sample being wasted for quality control spectroscopic measurements was to reduce 
the volume of the sample container (small volume cuvettes, capillaries). The 
NanoDrop 1000 Spectrophotometer (Thermo Fisher Scientific) solves this problem 
by employing a sample retention system that combines fiber optic technology and the 
inherent surface tension properties of liquid samples to retain microsamples during 
measurement without the use of cuvettes or capillaries (Fig. 2.17). This microvolume 
spectrophotometric instrument can accurately quantify proteins in volumes as small 
as 2 |j,l. The sample is coupled directly to optical surfaces where surface tension holds 
it in place during the measurement cycle. The absence of a sample containment 
device reduces the absorbance difference in cuvettes and capillaries and allows 
changes in path length to occur in real time. Changing the path length in real time 
dramatically reduces the total measurement time and greatly broadens the range of 
concentrations that can be measured. 
optical fiber -^IJ 
CCD detector 
Figure 2.18 Principle for sample analysis using nanodrop 
2,1 
Principle: 
Nucleic acid/ protein sample to be quantified 
Water or buffer in which sample is dissolved 
NanoDrop ND-1000 spectrometer 
1. Clean the upper and lower optical surfaces of the microspectrophotometer sample 
retention system as follows. Pipet 1 to 2 |xl of clean deionized water onto the lower 
optical surface. Close the lever arm and tap it a few times to bathe the upper optical 
surface. Lift the lever arm and wipe off both optical surfaces with a kimwipe. 
2. Open the NanoDrop software and select the nucleic acids/protein module. 
3. Initialize the spectrophotometer by placing Ijil clean water onto the lower optic 
surface, lowering the lever arm, and select "initialize" in the NanoDrop software. 
Once initializing is complete (-10 sec), clean both optical surfaces with a Kimwipe. 
4. Perform a blank measurement by loading 1 ^1 deionized water or buffer and 
selecting "blank". Once the blank is complete, clean both optical surfaces with a 
Kimwipe. 
The nanoDrop ND-1000 spectrophotometer is compatible with most solvents 
typically used in life science laboratories, including methanol, ethanol, n-propanol. 
isopropanol, butanol, acetone, ether, chloroform, carbon tetrachloride, DMSO, DMF. 
acetonitrile, THF, toluene, hexane, benzene, sodium hydroxide, sodium hypochlorite, 
dilute HCl, dilute HNO3 and dilute acetic acid. 
REFERENCES 
1. Pankove J. 1. (1971), Optical Processes in Semiconductors, Dover 
Publications, Inc., New York. 
38 
2. Poole Jr. C. P. and Owens F. J. (2003) Introduction to Nanotechnology, 
Wiley-Interscience, U.S.A. 
3. Szymanski H. A. and Erickson R. E., Infrared Band Handbook-Vol. 1, 
IFI/Plenum, New York. 
4. Gedde U. W. (1995) Polymer Physics, 1 '^edition, Chapman & Hall, London. 
5. Kemp W. (1987) Organic Spectroscopy, 2"** Edition, ELBS and Macmillan 
Press Ltd., London. 
6. Briggs D. and Seah M. P. (1990) Practical Surface Analysis by Auger and X-
ray Photoelectron Spectroscopy, John Wiley & Sons Ltd., New York. 
7. Wagner C. D., Riggs W. M., Davis L. E., Moulder J. F. and Muilenberg G. E. 
(1979) Handbook ofX-Ray Photoelectron Spectroscopy, Perkin-Elmer, Eden 
Prarie, Minnesota. 
8. Altankov G., Grinnell F. and Groth T. (1996) Studies on the biocompatibilit> 
of materials: fibroblast reorganization of substratum-bound fibronectin on 
surfaces varying in wettability. Journal of Biomedical Materials Research, 30, 
385-91. 
9. Jenny C.R., DeFife K.M., Colton E. and Anderson J.M.(1998) Human 
monocyte/macrophage adhesion, macrophage motility, and lL-4-induced 
foreign body giant cell formation on silane-modified surfaces invitro. Journal 
of Biomedical Materials Research, 41, 171-78. 
10. Faucheux N.. Schweiss R., Lutzow K., Werner C. and Groth T. (2004) Self 
assembled monolayers with different terminating groups as model substrates 
for cell adhesion studies. Biomaterials, 25, 2721-30. 
39 
11. Low S.P., Williams K.A., Canham L.T. and Voelcker N.H. (2006) Evaluation 
of mammalian cell adhesion on surface-modified porous silicon. Biomaterials, 
27, 4538-46. 
40 
CHAPTER 1 
PART A 
FORMATION AND CHARACTERIZATION OF POROUS SILICON 
INTRODUCTION 
Porous silicon (PS) was discovered in 1956 by Uhlir [1] while performing 
electropolishing experiments on silicon wafers using an electrolyte containing 
hydrofluoric acid (HF). He found that under appropriate conditions of applied current 
and solution composition, silicon did not dissolve uniformly, instead fine holes were 
produced, which propagate primarily in the <100> direction in the wafer. Therefore, a 
porous structure on silicon surface was obtained by electrochemical dissolution of 
silicon in aqueous or ethanoic HF solutions and is called porous silicon. In the 1970s 
and 1980s the interest on porous silicon increased because the high surface area 
available was found to be useful as (i) a model of the crystalline silicon surface in 
spectroscopic studies [2, 3] (ii) a precursor to generate thick oxide layers on silicon, 
and (iii) a dielectric layer in capacitance based chemical sensors [4]. In the 1990s 
Leigh Canham discovered red-luminescence [5, 6] from PS. This phenomenon was 
explained in terms of quantum confinement of carriers in nano-crystals of silicon 
which are present in the pore walls. Since that time, the interest of researchers and 
technologists in this material (and other porous semiconductors as well) is constantly 
growing and the number of publications related to these materials are increasing 
mam' fold by every passing year. With the discovery of efficient visible light 
emission from PS lead to the application of this material to silicon-based 
optoelectronic switches, displays, and lasers. During the last twenty years, indeed, the 
optical properties of PS have become a very intense area of research [7]. 
In this chapter, the process of porous silicon formation by the electrochemical 
etching of silicon wafers in solutions based on hydrofluoric acid has been discussed. 
The electrochemical etching process is described alongwith the different stages of the 
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porous silicon formation. The anodization parameters that decide the characteristics 
of PS layers are also discussed besides the photoluminescence property. 
METHODOLOGY 
Hydrofluoric acid (HF), isopropyl alcohol (IPA), hydrogen peroxide, ammonium 
hydroxide, and hydrochloric acid were -purchased from Merck. 18.2 MiQ-cm' 
deionized water (Millipore) was used. 
Formation of Porous Silicon by Anodization Process 
Boron doped, single crystalline, -1-5 H-cm resistivity, p-type (100) silicon wafers of 
~ 400 ^m thickness were used for preparing PS. All wafers were cleaned in acetone 
for 5 min. ultrasonically and then with deionized water (18.2 mfJ). This was followed 
by RCA cleaning procedure which consists of two steps standard clean (SC) viz. SC1 
and SC2. SCI consists of 4:1:1 solution of deionized water: hydrogen peroxide: 
ammonium hydroxide which is used to remove organic contaminants from the silicon 
surface. SC2 consists of a 4:1:1 solution of deionized water: hydrogen peroxide: 
hydrochloric acid which removes metal particles from the same surface [8]. 
A thin aluminum layer was deposited on the wafers by thermal evaporation 
using a vacuum coating system to make back electrical contact. The schematic of the 
vacuum coating unit used is given in Fig 3.1. After the film deposition, the samples 
were sintered in a furnace at ~ 520 °C to form ohmic electrical contacts. 
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Figure 3.1 Vacuum coating unit 
PS layer was fabricated by the electrochemical anodisation of silicon in a 
hydrofluoric acid (HF) based electrolyte. This is the most common method of 
fabricating PS although the use of an ammonium fluoride based electrolyte has also 
been reported [9-11]. An alternative method for fabrication is by a chemical stain 
etches [12-14] that requires dipping the silicon substrate in a hydrofluoric acid: nitric 
acid: water solution for 3-15 min. The PS fabricated using this method is, however, 
inhomogeneous in terms of both porosity and thickness due to the fact that hydrogen 
gas evolved during fabrication remains on the surface of the wafer [12]. For these 
reasons this method is rarely used, although it has been reported that etching process 
and physical structure of these layers are similar to those fabricated by the 
anodisation method [14]. 
PS samples were prepared by electrochemical etching using silicon as the 
anode and platinum as the counter electrode in an acid-resistant Teflon container (Fig. 
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3.2). Silicon wafer with its aluminum contact side is placed on a metal disk and 
sealed through an 0-ring so that only the front side of the sample is exposed to the 
electrolyte and back electrical contact could be taken from metal plate. The 
anodisation was carried out at different current densities (I^) varying from 20 to 70 
mAcm"^ for different duration of time in a electrolyte solution of aqueous 
hydrofluoric acid and isopropyl alcohol (H2O: HF: IP A) in the ratio of 1: 1:2. The 
role of ethanol during the process is only physical; it lowers the surface tension of the 
electrolyte. It also minimizes hydrogen bubble formation at silicon/electrolyte 
interface during anodization and does not disturb the transport of ions towards and 
away from the interface, thereby, improving layer uniformity. After etching, the 
samples were rinsed with DI water and dried under a stream of dry high-purity 
nitrogen. Using above arrangements the porous silicon layers fabricated are usually 
homogenous in terms of both porosity and thickness [15]. The anodised surface was 
circular and had 2.0 cm diameter. Good homogeneity within the PS layers was 
obtained because the electrical contact to the silicon substrate is made on the entire 
back surface of the wafer which prevents lateral potential variation across the wafer 
that would cause changes in the local current density. 
The current source used for the fabrication system was a Keithley source 
meter (Model 2420) which enabled precise time and current control during the growth 
process. 
P t 
H,0: IPA: HF 
Silicon 
Figure 3. 2 Porous silicon formation process using Teflon cell 
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The porosity P and thickness W of the layers were determined using 
gravimetric techniques [16]. The silicon samples were weighed before porosification 
(mass M\), then just after porosification (mass M2), and finally after all of the porous 
layer was removed in a solution of 5g KOH in 100 ml H2O (mass M3). The porosity P 
and thickness l^are given by the following equations: 
(1) 
(2) 
S X d 
Where d is the density of bulk silicon (2.33 gem- ) and S is the sample area exposed 
to the electrolyte during porosification which in the present case was circular having 
2 cm diameter. 
The surface properties of the PS samples formed were characterized by 
scanning electron microscopy (SEM), photoluminescence (PL) and current-voltage 
(I-V) measurements. 
RESULTS AND DISCUSSION 
Mechanism of pore formation 
The formation of PS has been a subject of investigations for decades, but still no 
agreement on the exact mechanism of its formation has been obtained. In the 
electrochemical formation of PS two aspects should be distinguished: the pore 
initiation and their subsequent propagation. As far as the the pores initiation is 
concerned, it is commonly accepted that it will takes place in presence of surface 
defects or inhomogeneities. Dissolution of silicon occurs only under anodic 
polarization. At high anodic overpotentials the silicon surface goes under 
electropolishing. On the contrary, at low anodic overpotentials the surface 
morphology is dominated by a dense array of channels penetrating deeply into the 
bulk of the silicon [17]. Both n- and p-type silicon are stable under cathodic 
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polarization. The only important cathodic reaction is the reduction of water at the 
silicon/HF interface, with the simultaneous formation of gaseous hydrogen. 
Similarly to most semiconductor junctions, at the silicon/electrolyte interface 
a depletion zone is formed (Fig. 3.3). The width of this depletion zone depends on the 
doping that may explain the different pore sizes found in p-doped silicon. In addition, 
the depletion layer width depends on the surface curvature: the anodization 
preferentially; occurs at the pore tips where the curvature is largest. Moreover, when 
the depletion zones of adjacent pores meet each other, the current flow is pinched off 
suddenly and further silicon etching is blocked and thereby pore collapsing is also 
prevented. For this reason, the reaction is self limited and leads to a porous structure 
rather than to electropolishing. Further, in stationary conditions, the porosity remains 
approximately constant, whereas the overall thickness of the porous silicon layer 
grows linearly with time. Further dissolution occurs only at the pore tips, where 
enough holes are available, as is schematically represented in Fig. 3.3. As the current 
density is increased due to the additional energy the enhanced current density gives to 
the hole. In this way the etching of porous silicon proceeds downwardly in depth with 
an overall directionality which follows the anodic current paths inside silicon. Once a 
porous silicon layer is formed no more electrochemical etching occurs but a slow 
chemical one starts, due to the permanence of HF. 
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Figure 3.3 Process of pore formation (a) pores develop randomly on the silicon 
surface (b) an isotropic and highly directional growth pore growth and (c) the 
dissolution advances only at the pore tips [18] 
The most accepted model for the dissolution chemistry of silicon during 
anodic etching in HF was proposed by Lehmann and Gosele [19] as shown in Fig. 
3.4. When PS is immersed in HF solution it is characterized by hydrogen terminated 
surface. When a hole reaches the hydrogen saturated surface, Si-H bonds is attacked 
by fluoride ions and a Si-F bond is established (Step a). The bonded F exerts a 
polarising influence so that another F' ion can bond to silicon with the generation of 
an H2 molecule and the injection of one electron into the electrode (step b and step c). 
The polarization induced by the two Si-F bonds weakens the Si-Si back bonds that are 
easily attacked by HF or H2O in presence of a second hole (Steps d and e) and then 
one silicon atom remains bonded to fluorine atoms and disperses in the solution (Step 
e). The SiF4 is not stable and reacts with HF forming H2SiF6. The whole process 
requires two holes to take a silicon atom in solution. When a silicon atom is removed 
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from the siuface, it leaves an atomic size P|Rl|at causes a change in surface geometry 
and in the electric field distribution. In particular, as in correspondence of a dip, the 
surface has a smaller curvature radius and the electric field lines are concentrated in 
these locations. As a consequence, a preferential hole transfer occurs. It causes 
surface inhomogeneities and thereby gradual formation of the porous structure takes 
place. 
0. 
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Figure 3.4 Dissolution chemistry of porous silicon 
Pore Morphology 
The existing nomenclature adopted by the lUPAC distinguishes three categories with 
regard to the pore dimensions [20]: micropores, mesopores and macropores with 
average pore diameters of less than 2 mn, between 2-50 nm and more than 50 mn, 
respectively. This categorization is related only to the pore diameter but does not 
contain much information about the pore morphology. The term pore morphology is 
used for properties like shape (smooth, branched, facetted, etc.), orientation and 
intercomiection of pores, etc. The morphology is the least quantifiable aspect of 
porous silicon. It is very difficult to systematically characterize the morphology of 
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porous silicon which has extremely rich details with respect to variations in pore size, 
shape and spatial distribution. In terms of the pore morphology, microporous and 
mesoporous silicon exhibit typically a sponge-like structure with densely and 
randomly branched pores, which do not show a clear orientation. The tendency to 
branch increases with decreasing pore diameter. In contrast, macroporous silicon can 
have discrete pores with smooth walls, with short branches or with dendritic 
branches. The pores grow preferentially along <100> directions and towards the 
source of positive carriers (holes) which are involved in the electrochemical 
dissolution reaction. In p-type porous silicon both, the pore diameter and the 
crystallite sizes are very small, generally between 1 and 5 nm. The morphology is 
characterized by a homogeneous and highly interconnected pore network that is often 
referred to as 'sponge' structure. Both heavily n- and p- doped silicon samples give 
rise to porous films with a microstructure characterised by many long voids running 
perpendicular to the surface, with occasional branches and numerous small buds on 
the side of the main pores. 
Scanning Electron Microscopy (SEM) 
Porous silicon formed at different current densities has different pore sizes and 
porosities. The pore size of PS film formed at lower current density, i.e. 20 mAcm" is 
-20-30 nm in diameter (Fig.3.5a) and pore depth is -1.2-1.5 \xm (Fig. 3.5 b); for Id 50 
mAcm'^ pore diameter -50-60 nm (Fig.3.6 a) and pore depth - 2-3 [im (Fig 3.6 b) and 
the samples prepared at higher I^  70 mAcm' has bigger pore size -80-100 nm 
(Fig.3.7a) and pore depth is roughly 6-7 ^m ( Fig. 3.7 b). 
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(a) (b) 
Figure 3.5 SEM oi PS film at h -20 mAcm'^ (a) planar view and (b) cross sectional 
view 
(a) (b) 
Figure 3.6 SEM of PS film at Id -50 mAcm (a) planar view and (b) cross sectional 
view 
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(a) (b) 
Figure 3.7 SEM of PS film at Id ~70 mAcm (a) planar view and (b) cross sectional 
view 
Porosity 
Porosity and layer thickness calculated by gravimetric method is ~ 68, -74 and -92% 
for PS film prepared at \d -20, 50 and 70 mAcm" ,^ respectively. The word nanoporous 
is sometimes used for smallest-pore regime to emphasize the nanometric dimension. 
The volumetric fraction of air to material is called porosity. The internal surface per 
unit volume of porous surface can be very large, of the order of 500 m^ cm"^ . Porosity 
of a layer is partly determined by current density and partly by hydrofluoric acid 
concentration and chemical leaching. Therefore, by maintaining a constant current 
density throughout the substrate allows formation of samples with uniform porosity, 
provided there are no local variations in the concentration of the hydrofluoric acid in 
the electrolyte and that chemical leaching does not occur. The growth rate of PS 
depends upon the anodisation current density for starting substrates for both Ughtly 
and heavily doped material. Uniform thickness of a PS layer could be realised 
provided current density is maintained constant. Any variation in the local current 
density across the wafer would cause changes in the thickness of a layer across the 
wafer [21]. 
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The thickness of porous silicon layers increases linearly with increasing 
anodization time. The formation velocity is constant and the thickness of a sample is 
determined only by the anodization time, once the formation parameters are fixed. 
Typical values of the formation velocity are of some tens of nanometers per second 
but may vary with the change of the substrate doping [22]. 
Anodization parameters 
The porous silicon formation process with electrochemical anodization has been 
widely discussed [16, 23-25]. The parameters that influence the formation process 
are: 
(a) Substrate doping: An increase in dopant concentration leads to smaller pores 
with less spacing in between them. If the depletion layer is small (highly doped 
silicon), the voltage drop across the silicon-HF interface is small and the direct 
silicon dissolution current density is at maximum. Theoretically, increasing the 
doping level should reduce the depletion region width and thus reduce the voltage 
drop across the silicon-HF interface. This means that the maximum available current 
density for silicon dissolution flows in the direction of the electric field and the pores 
tend to be larger. If the silicon is less highly doped, the dissolution current is lower 
and the balance between direct dissolution of silicon and silicon oxidation and etching 
changes. In this case the pores should be smaller. 
(b) Current density: The pore radius is approximately exponentially dependent on 
the current density. As the current density is increased larger pore size and increase in 
porosity is obtained. 
(c) HF concentration: The higher the concentration, the lower the pore size and the 
porosity. HF concentration determines the upper limit to current density values. With 
a fixed and low HF concentration the range over which the current density can be 
varied is short and becomes wider by increasing the HF concentration. 
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(d) Solvent where the HF is diluted: Since porous silicon is organophilic and 
hydrophobic, the use of ethanol guarantees a higher homogeneity due to a better 
wettability of the surface than deionized water. 
(e) Etching time: Longer etching times lead to thicker layers, but for long time 
anisotropy in depth in the layer due to the chemical action of the electrolyte is 
introduced. 
(f) Illumination: Illumination during etch process is essential for n-type substrates 
[24]. 
The porosity, thickness, pore diameter and structure of porous silicon depends 
on the anodization conditions which are briefly explained in Table 1. These 
conditions include HF concentration, current density, wafer type and resistivity, 
anodization time, illumination (required for n-type silicon and semi-insulating p-type 
silicon), temperature, ambient humidity and drying conditions. For a fixed current 
density, the porosity decreases when HF concentration increases [16]. Fixing the HF 
concentration and the current density, the porosity increases with the thickness. This 
happens because of the extra chemical dissolution of the porous silicon layer in HF. 
Table 1. Effect of anodization parameters on PS formation. As an approximate etch 
rate is of the order of 1 nm s' for each mAcm' of the anodization current density. 
An increase of 
Porosity 
HF concentration 
Current density 
Anodization time 
Temperature 
Wafer doping 
(p-type) 
Wafer doping 
(-type) n 
results in a 
Etching rate 
decrease 
increase 
increase 
-
decrease 
increase 
decrease 
increase 
almost constant 
-
increase 
increase 
Critical current 
increase 
-
-
increase 
increase 
-
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All these characteristics contribute to the easy formation of porous silicon 
one-dimensional photonic structures without the use of excessively expensive 
equipment [26]. 
Current- Voltage (I-V) 
Figure 3.8 shows the IV curves for porous silicon samples prepared at different 
current densities.These curves show some similarities with the Schottky diode model, 
expected for a semiconductor/metal contact. However, there are same significant 
differences. 
•20mA/cm' 
•50mA/cm' 
• 70 mA/cm' 
-1.0 -ois do as 1.0 
Voltage (V) 
Figure 3.8 i-V curves for porous silicon samples prepared at different current 
densities 
All samples show the schottky behaviour. It is mainly due to the porous nature 
of the samples. Samples prepared at higher current densities (50 and 70 mA cm"^ ) 
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show more schottky behavioiir as compared to PS film formed at 20 mAcm" . It is 
because of higher porosity of the samples prepared at high current densities. 
Figure 3.9 shows a magnification of the part of the anodic potential region for 
porous silicon formation. Three regions must be distinguished and labelled as A, B 
and C. Pore formation takes place in region A, where I-V characteristics show an 
exponential behaviour. In region C, at high potential values there is the silicon 
electropolishing. Region B is a transition region where the process o ,^ jPS, fonnation 
and electropolishing gets competed. 
Current (a.u.) 
2/ 
Region A 
Pore formation 
1 
1 
1 
ly 
Region B 
Transition 
1 
1 
1 
1 
1 
1 
1 
JL-
Region C A 
Electropolishing! 
> 
L n i '•^ >-
Potential (a.u.) 
Figure 3. 9 Anodic i-V relationship for silicon in HF showing the prominent regions of 
dissolution. In region A pore formation occurs and in region C silicon electropolishing. 
Region B is a transition zone between regions A and C [27]. 
Photoluminescence 
The discovery of strong visible luminescence fi-om anodically etched p-doped silicon 
by Canham [5] in 1990 generated great excitement in the scientific community. The 
incorporation of a stable and efficient luminescent porous silicon element into a 
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microelectronic circuit may open new avenues of its applications in silicon based 
devices. Porous silicon based structures have shown luminescence efficiently across 
the whole range from the near infrared through the visible region, and into the near 
UV. Emission over such a broad spectral range arises from a small number of clearly 
distinct luminescence bands of different origin which are listed in Table 2. 
Table 2. Porous silicon luminescence bands [28] 
Spectral range 
UV 
Blue- green 
Blue-red 
Near IR 
Peak wavelength 
(nm) 
-350 
-470 
400-800 
1100-1500 
Luminescent band 
level 
UV 
s 
F 
IR 
Photoluminescence 
Yes 
Yes 
Yes 
Yes 
The mechanism for PL from porous silicon has been subject of debate till 
date. Following are few theories proposed by various schools of thought. 
1. The 'red' PL band 
It is the 'red' band PL that has attracted the most attention from researchers trying to 
elucidate the mechanism for PL in porous silicon. This is because it is the only band 
to be efficiently electrically excited. 
LI Surface species and molecules 
One possible mechanism for the 'red' band PL is that it is caused by surface hydrides 
on the branches of the porous silicon [29]. It has been shown that tunable visible PL 
exists that has been attributed to SiHx groups. Further evidence for this hydride based 
hypothesis is observed by quenching of the PL when hydrogen is desorbed from the 
branches of the porous silicon through heat treatment [30, 31]. 
An argument against this PL mechanism is porous silicon with a high surface 
area which under the proposed mechanism would be expected to photoluminescence 
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with high intensity, instead no PL occurrence. Also, the PL intensity can be improved 
three-fold by oxidation which removes hydrogen from the porous silicon [32]. It, 
therefore, seems reasonable to propose that surface hydrides do not cause the 'red" 
band PL in porous silicon. Likewise, that PL that exists without the presence of 
oxygen also militates against a surface oxide related mechanism for the 'red' band PL 
[33]. 
1.2 Hydrogenated porous silicon 
Early structural studies showed that a significant amount of amorphous silicon was 
contained within porous silicon [34]. This knowledge, coupled with the knowledge 
that visible PL in hydrogenated amorphous silicon (a-SiH) is possible [35], led to the 
suggestion that a-SiH was responsible for 'red' band PL. It was further suggested [36] 
that alloying effects would introduce hydrogen into the amorphous silicon in varying 
amounts, and this could explain the observed tunability of the PL. 
Three reasons negates the -Si:H mechanism; thses are: It has been shown that 
as-anodised porous silicon contains little amorphous silicon [37]. Secondly, the PL of 
a-SiH is known to be strongly quenched with increasing temperature from cryogenic 
temperatures and is clearly not the case for porous silicon which luminesces strongly 
at room temperature [28]. Finally, heat treatment on the luminescing material 
militates against -SiH PL mechanism [38]. 
1.3 Surface states 
The suggestion that the PL of the 'red' band originates from centres located at the 
surface of the silicon branches is logical when one considers that the large surface 
area of porous silicon would provide numerous recombination centres [28]. The 
surface state PL mechanism assumes that absorption of the carriers occurs in the 
silicon crystallites through a quantum confinement effect [32]. 
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1.4 Quantum confinement 
The quantum confinement model [5] for 'red' band light emission was first suggested 
at the same time at room temperature PL from porous silicon was demonstrated. Here 
it was argued that the PL was a result of quantum confinement within the nanometre 
size silicon branches of the porous silicon. The requirement of nanometre branch 
dimensions for PL from porous silicon has since been demonstrated, together with an 
observed blue shift with decreasing crystal size [5, 37]. Under the quantum 
confinement model this is also to be expected because reducing crystal size would 
cause a further widening of the bandgap. 
The most conclusive evidence for quantum confinement induced PL is found 
using resonantly excited PL [28]. These PL spectra show discrete steps at low 
temperature which coincide with the zone-edge phonons of crystalline silicon that are 
known to be involved in the bandgap absorption and emission in crystalline silicon 
[39]. This suggests that the luminescence occurs at the silicon crystallite bandgap. 
Theoretical calculations and bandgap measurements from transmission studies also 
concur with this theory [28]. Proponents of the surface state model often attack the 
quantum confinement model using the observed surface effects such as the quenching 
of the PL with either temperature or the shift in peak intensity with differing 
oxygen/hydrogen surface passivation. 
2. The 'infrared' PL band 
The 'infrared' PL band has generated the least interest amongst researchers and there 
is a general consensus that the PL for this band originates from radiative dangling 
bonds on the surface of the silicon branches [32]. The main evidence to support this 
theory is that the peak intensity of the PL in this band is seen to occur after annealing 
a sample in a ultra high vacuum at 350 °C. At this temperature, hydrogen is known to 
fully desorb from the surface of the silicon branches which leaves numerous radiati\'e 
dangling bonds. The alternative suggestion for this PL is that the PL is bandgap or 
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near bandgap PL. This is unlikely because of the intensity and spectral band width of 
the PL band [40,41]. 
3. The 'blue' PL band 
Two main theories now exist for 'blue' band PL. The first, quantum confinement as 
described above has been suggested as a possible source of 'blue' band PL. 
Calculations [42] to determine the bandgap of the fine silicon crystallites that exist in 
most 'blue' band PL-emitting oxidised porous silicon (<2nm) correspond well to the 
emitted wavelengths of the 'blue' band PL. The second suggested mechanism for the 
'blue' band PL is that it is an oxide related mechanism [36], either from the oxide 
itself or from defects [42, 43] or contamination within the oxide [44]. The explanation 
that 'blue' band PL originates from either defects, such as a non-bridging oxygen hole 
centre or from contamination of the oxide. 
Figure 3.10 (a and b) shows that PS sample under normal ambience and its 
exposure to UV light indicates bright PL. Typical PL curves for PS films formed at 
different current densities (I^) on unpolished substrates corresponding to electrolyte 
H20:HF:IPA (1:1:2) are shown in Fig. 3.11. As evident from this figure, the absolute 
PL intensity is higher for PS formed at Id -50 mA cm''^  with A-max ~ 650 nm (Fig. 11 a, 
curve c). However, at further higher ld~ 70 mA cm"^ , the PL intensity decreases 
drastically (Fig. 1 la, curve e). At this Ij, the films are powdery, non-adherent to the 
substrate and have a peeling-off tendency. At a lower I^  ~ 20 mA cm"^ , the PL 
intensity of PS film is low (A,max ~ 612 nm) and PL intensity profile is quite similar to 
that obtained for l^ -70 mA cm"^  (A.max ~ 620 nm) (Fig. 3.11, curves a & e). With 
increase in current density from 20 to 60 mA cm'^, the subsequent shift of the PL 
spectra from 612 to 675 nm (red-shift) with increment in PL intensity could be due to 
the effect of the oxide related species on the surface of PS as observed earlier 
(Fig.3.11 a-d).This could be due to the breaking of Si-Si bonds with concomitant 
decrease in Si-skeleton size and formation of Si-0 bonds [45]. The interface region 
being passivated by oxygen all the same, there was little drop in PL intensity with 
increase in I^  from 50 to 60 mA cm"^ . However, at further higher 1^  -70 mA cm"', due 
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to excessive etching of the Si-skeleton, the PL intensity decreases significantly with 
concurrent PL blue-shift (Fig. 3.11 curve e). Visual observation shows that the PS 
films at Id ~50 mA cm"'^ , appear more uniform and strong as compared to PS films 
formed at other current densities. Thus, Id~50 mA cm"^  used is the perfect I^  value in 
the present study where a higher PL intensity is obtained and on these samples 
surface modification and subsequent biomolecule attachment studies have been 
carried out. 
(a) (b) 
Figure 3.10 PS film under (a) normal ambience and (b) UV light 
•20 mA/cm 
•40 mA/cm^ 
- 50 mA/cm^ 
•60mA/cm^ 
• 70 mA/cm^ 
500 550 600 650 700 750 800 
Wavelength (nm) 
Figure 3.11 PZ- intensities of PS films at different current densities 
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SUMMARY 
In this chapter two different processes have been explained the fabrication and the 
characterization of the porous silicon layers. Boron doped, single crystalline, p-type 
silicon (100) wafers were used for preparing PS by the electrochemical anodisation in 
an aqueous hydrofluoric acid and isopropyl alcohol solution at different current 
densities ranging from 20-70 mAcm"'^ . In this work, porosity calculated by 
gravimetric method is ~ 68-92% and pore-size -20-100 nm, for PS films formed at 
different Ij (20-70 mAcm''^), respectively. The different elements that form this 
system have been presented and their influence on the porous silicon characteristics 
has been discussed. The different measurement techniques used for the 
characterization of the fabricated porous silicon layers have been explained. These 
techniques are Scanning Electron Microscopy, photoluminescence and current-
voltage. The present study can be attributed to the ease and speed of fabrication, 
remarkable optical and morphological properties of the porous silicon including 
tuneable pore size and porosity which make this nanostructured material poised to 
take centre stage in the biosensor development efforts. 
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PART B 
FORMATION AND CHARACTERIZATION OF SILICON NANOWIRE 
INTRODUCTION 
One-dimensional (ID) systems can be defined as those in which the free mean path of 
charge carriers is larger than the available lengths in two spatial dimensions so that 
the carriers are confined for transport phenomena only in one dimension as it happens 
in nanowires and nanotubes. In general, nanotubes are defined as hollow nanowires 
with submicrometric wall thicknesses independently of the materials of which they 
were made. Currently types of nanostructures, nanowires and nanotubes, can be made 
of multiple materials including; metals, semiconductors, insulators and bioactive 
materials. 
In recent years, great efforts have been made to fabricate ID nanostructured 
materials for their novel size and dimensional dependent physical and electronic 
properties [1-3]. Silicon is the back bone of the microelectronics industry. Therefore, 
silicon based nanostructures such as silicon nanowires (SiNWs) have attracted special 
attention and is, indeed, a potential candidate for applications in nanoscale 
optoelectronic devices [4-6]. Several methods such as molecular beam epitaxy [7], 
chemical vapor deposition [8, 9], laser ablation [10], thermal evaporation [II], 
template assisted growth [12], oxide-assisted growth [13] etc., have been successfully 
developed to prepare one-dimensional silicon nanostructures. However, these growth 
processes generally need a high temperature, high vacuum templates and special 
equipments or hazardous silicon precursors which make them time consuming and 
expensive. A simple yet efficient way to fabricate large area, highly oriented and 
length controllable SiNWs at low temperature is a challenge for the scientific 
community. 
Several variant of catalytic wet chemical etching technique with .A.g particles 
to prepare aligned SiNWs on silicon substrates close to room temperature (- 50 "C) 
have been reported [14-19]. In one approach, cleaned silicon wafers are immersed in 
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aqueous HF solution containing AgNOs [14-17] while in another, Ag particles are 
first deposited either by a wet chemical process (electroless plating) or by a physical 
vapor deposition (thermal evaporation) and then immersed in chemical etching 
solution to grow SiNW arrays [18, 19]. Although both methods are being used to 
make SiNWs, the mechanism of formation of SiNWs during etching process and role 
of Ag particles are still not clear and is a subject of debate. One school of thought 
believes that Ag particles protect the silicon underneath from chemical etching and 
etching occurs in the surrounding area resulting in silver capped SiNWs [14-17] while 
other supports that the Ag particles only catalyze the etching of the silicon surface 
that is directly in contact with them [18, 19]. These methods employ a Teflon vessel 
and generally the etching process is carried out under a sealed condition where the 
pressure is expected to be high and, therefore, real growth conditions are not well 
identified. Hence, further investigations or modifications in the process are desirable. 
A relatively simple yet rapid method of fabricating large area (> 5 cm 
diameter) SiNW arrays at room temperature on p-Si (100) substrates by Ag induced 
wet chemical etching of silicon wafers in an aqueous HF solution containing silver 
nitrate (AgNOs) in ambient conditions is presented. The process is based on the 
mechanism of electroless metal deposition (HMD). The EMD process in an ionic 
metal containing HF solution is based on micro electrochemical redox reaction in 
which both cathodic and anodic reactions occur simultaneously at the 
metal/semiconductor interface [20] which is an inexpensive technique and has been 
widely used in microelectronics and metal coating applications [21]. The effect of 
etching time on the SiNW arrays length has been investigated to understand the 
growth mechanism and the role of Ag particles. Systematic SEM investigations have 
suggested that formation of SiNWs was actually due to Ag induced localized etching 
of silicon surface directly in contact with Ag particles. It was observed that SiNWs 
always grow perpendicular to the silicon surface independent of positioning of the 
sample and the gravitational force in the case of surface (100) i.e. whether the wafer 
is placed horizontally or vertically during the etching process. 
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Nanowire-based detection strategies provide promising new routes to 
bioanalysis that could revolutionize the healthcare industry. Nanowires show promise 
in a number of different sensing strategies including optical [22], electrical [23], 
electrochemical [24] and mass-based [25] approaches. They are attractive because of 
their small size, high surface-to-volume ratios, and/or electronic, optical and magnetic 
properties which differ markedly from those observed for bulk or thin film materials 
as the nanowire cross-sectional diameter decreases [26]. 
METHODOLOGY 
Boron doped (100) p-type (1-5 Q cm) chemically-mechanically both side polished 
crystalline silicon wafer was used to grow SiNW array. The etching was carried out 
in a simple Teflon vessel containing 5.0 mol L ' aqueous HF solution and 0.02 mol L'' 
AgNOa at room temperature (-25 °C) for 5 min. Silicon wafer was sequentially 
cleaned with acetone, de-ionized water and by boiling in piranha solution (H2SO4: 
H2O2 = 3:1 v/v, for 30 min). After this, wafer was rinsed thoroughly with de-ionized 
water followed by dipping in 5% HF solution for 3 min. to remove any native oxide. 
The cleaned silicon wafer was then immersed in the etching solution. Etching was 
performed for 5 min keeping all other parameters such as solution concentration, 
volume, temperature etc. constant. The sample obtained after etching was found to be 
wrapped with thick silver (Ag) layer which consisted of high density of tree-like 
dendritic structures. To remove Ag layer completely, the as-prepared sample was 
treated in a conventional Ag etchant solution (NH3OH: H2O2:: 3: 1, for 2 min at room 
temperature). Finally, the sample was rinsed with de-ionized water and dried in 
nitrogen [27]. 
RESULTS AND DISCUSSION 
Catalytic activity of Ag nanoparticles is well known in electrochemical etching of 
silicon in HF solution where deep cylindrical nano holes were produced in silicon 
using Ag nanoparticles as catalyst. The process is called as metal assisted chemical 
etching of silicon. The mechanism of formation of vertically aligned SiNW arrays can 
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be understood as being a self-assembled Ag induced selective etching process based 
on localized microscopic electrochemical cell model as presented schematically 
(Scheme 1). 
Si substrates 
Sequential chemical cleaning of 
substrates through several steps 
Electrochemical Etching of Si 
substrates in aq. HF + AgNOj 
solution for different time duration 
Treatment in NH4OH + H^Oj 
Solution to remove Ag layer 
• • 
, ] 
1 
il 
Si 
J—r-- Silicon naoowires array covered with tiiicitgray film 
Silicon nanowires 
array 
Scheme 1 Schematic presentation of SiNWs growth 
The formation mechanism of aligned SiNW arrays can be understood as being 
a self-assembled Ag induced selective etching process based on localized microscopic 
electrochemical cell model as proposed by Peng et al. [14, 15]. The process is based 
on the continuous galvanic displacement of Si by Ag^ via Ag*^^ Ag reduction on the 
silicon surface and hence, forming many local nano-electrochemical cells on the 
silicon surface. The Ag nanoparticles deposited acts as active cathode and silicon 
surface in contact with the Ag nanoparticles as active anode. Briefly, Ag^ ions get 
reduced to Ag onto the silicon surface by injecting holes into the Si valence band and 
oxidizing the silicon surface locally in contact with Ag. The oxidized surface is 
subsequently etched away by HF. Further reduction of Ag^ occurs on the Ag 
nanoclusters itself (being relatively highly electronegative than silicon and hence, 
provide easy injection path for holes) being an active cathode by electron transfer 
from the underlying wafer, not the Si surface. Self-assembly of Ag nanoclusters to the 
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dendritic structures and lack of coalescence to a compact grain Ag film causes to 
selective oxidation and dissolution of Si in the aqueous HF-AgNOs solution causing 
anisotropic etching. The Ag nanoparticles trapped in pores sink continuously thus, 
resulting wire like Si-structure [27, 28]. 
The whole reaction can be divided into two parts viz.; cathode reaction and anode 
reaction which are given below in equations 1, 2 and 3. 
Cathodic reaction: 
Ag" + e-(VB) • Ag°(s) (1) 
Anodic reaction: 
Si(s) + 2H2O • Si02 + 4H^ + 4e' (VB) (2) 
Si02(s) + 6HF • H2SiF6 + 2H20 (3) 
Systematic SEM investigations have suggested that formation of SiNWs was actually 
due to Ag induced localized etching of silicon surface directly in contact with Ag 
particles. It was observed that SiNWs always grow perpendicular to the silicon 
surface independent of positioning of the sample and the gravitational force in case of 
surface i.e. whether the wafer is placed horizontally or vertically during the etching 
process. A magnified top view of SiNWs array is shown in Fig. 3.12 (a) which is 
bundled together (after treating in Ag etchant solution, cleaning with DI water 
followed by drying) and are firmly attached with the substrate. Figure 3.12 (b) shows 
a typical cross-sectional view of the vertically aligned SiNW arrays formed on Si 
wafers after removal of Ag layer. SEM studies reveals that SiNWs are smooth and 
uniform with an average -100-300 nm diameter and -1-1.15 ^m average length [27]. 
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(a) (b) 
Figure 3.12 SEM images of the as-prepared SiNW samples (a) Planer view and (b) 
cross-sectional. 
SUMMARY 
A simple, cheap and rapid growth process of vertically aligned SiNW arrays of 
controlled length on p-type (100) silicon substrates using electroless wet chemical 
etching of Si in aqueous HF-AgNOa solution at room temperature has been 
demonstrated. Structural analyses of the as grown SiNWs revealed that Si nanowires 
were the single crystalline having axial orientation identical to the silicon wafer used. 
SiNWs are formed due to the selective etching of the silicon surface directly in 
contact with Ag nanoclusters via self assembled nano-electrochemical process 
wherein the Ag nanoclusters which are formed due to the reduction of Ag^ over the 
silicon surface act as the catalyst during etchmg process. The length of the SiNWs 
was foimd to be linearly dependent on etching time at room temperature. The 
simplicity of the present process may lead to the advancements and applications of 
SiNWs in opto-electronics and nano-electronic devices. Nanowire assembly and 
integration with microchip technology is emphasized as a key step towards the 
ultimate goal of biomolecules detection at the point of care using portable, low 
power, electronic biosensor chips. 
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CHAPTER 2 
SURFACE FUNCTIONALISATION OF POROUS SILICON USING 3-
AMINOPROPYL TRIETHOXY SILANE (APTS) 
INTRODUCTION 
The desirability of constructing silicon-based optoelectronic devices and chemical 
and biological sensors has prompted considerable developments in the surface 
chemistry of luminescent porous silicon (PS) [1-7]. The significantly increased 
surface interaction area of PS can enhance the detection signal, in either fluorescence 
or electrical measurements. The characteristic photoluminescence (PL) of PS makes it 
a special flmctional material for colorimetric sensing. The mesoporous nanostructures 
of PS can reflect light and thus coupled biomolecules can be sensed by optical 
reflectivity to reveal the thickness change. Therefore, PS-based biosensors can be ol" 
significant use in medical, chemical and biotechnology, etc. In ail biological 
applications, an interfacing biomolecular interaction is required for developing 
sensing devices. A stable and reproducible attaclunent of biomolecular probes on a 
surface, for the sensitive and specific capture of soluble receptors is a prerequisite for 
following operations. An efficient immobilisation method must lead to a high surface 
coverage of biomolecules attached through a stable and easily formed linkage while 
leaving a wide accessibility for the target molecule to enable biomolecular 
interactions. Although quite a few physical and chemical approaches have been 
employed to immobilise biomolecules, covalcnt grafting is mostly preferred because 
of the stability and reproducibility of the fabricated devices [8]. 
Among several organic molecules that can self-assemble on silicon surfaces 
and modify their intrinsic properties, silane molecules have been widely used [9] as 
an initial step to covalently attach adhesion promoters and cross-linkers [9-12]. The 
silane 3-aminopropyltriethoxysilane (APTS) is one of the most common precursors 
which, by following the appropriate process can leave amine groups (NHo) available 
for reactions with either a cross-linking agent or directly with a molecule and thus, 
77 
provides a reliable interface between biomolecules and a wide range of materials 
(Fig.4.1) [13-15]. 
(a) (d) 
(c) 
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Figure 4,1 A selected number of functional groups that can be covalently attached to 
APIS modified silicon surfaces (a) DNA (h) antibodies (c) proteins and (d) 
carbohydrates 
Silanes are attached through the formation of a Si-O-Si bond between the 
surface and the silanol groups. In addition to this covalent attachment, a broad range 
of available chemical functionalities at the other functional end of the silane 
molecules allows flexible adaptation of the surface for various applications. 
Particularly, APTS has been widely used because of its amino terminal group [16-19] 
which makes APTS especially attractive for biotechnology purposes such as DNA 
microarrays [20], protein arrays [21], and sol-gels [22]. APTS can form a covalently 
attached self-assembled film (SAM) on a wide variety of substrates [23-26]. 
including, hydroxy 1-terminated silicon oxide substrates [24-26]. The reaction of the 
bond formation between the silicon oxide surface and the APTS molecules proceed 
with the hydrolysis of the alkoxy groups (first step) followed by the covalent 
adsorption of the resulting hydroxysilane (second step) [27]. The presence of water at 
the surface of the silicon surface is, therefore, necessary to catalyze the reaction as it 
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is responsible for the first step of the reaction but control of the moisture (physisorbed 
water layer) is key for the quality of the interface [12, 28]. 
In the present study, the surface functionalisation of nanostructured PS 
prepared at different current densities (I^) 20 and 50 mAcm' is reported. Here, the 
organic functionalisation of the PS surfaces was performed by APTS treatment. 
Further, characterization of these organic monolayers by fourier transform infrared 
spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS) and 
photoluminescence (PL) spectra has been used to evaluate the reactivity and the 
chemical stability of the modified surfaces in normal ambience and humid conditions. 
METHODOLOGY 
For surface functionalisation using APTS porous silicon samples at current density 
(Id) 20 and 50 mA cm"^  were made by treatment with RCA cleaning procedure which 
consist of two steps SCI and SC2 (Chapter 1, page no. 42-44). Anhydrous APTS 
(98%) and anhydrous toluene (99.8%, <0.001% water) were used for silanization. For 
APTS treatment, porous silicon samples were immersed in a 0.5% (v/v) solution of 
APTS in anhydrous toluene and incubated for 3 hours at 85° C. After the reaction, the 
functionalized porous silicon samples were removed from the APTS solution and 
rinsed with fresh anhydrous toluene. For stability studies both samples were exposed 
to humid conditions for 30 days. After functionalisation, samples were characterized 
by using PL, FTIR and XPS, the instrumental details of the above is given in Chapter 
2. 
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RESULTS AND DISCUSSION 
(A) (B) (C) 
NH2 NH2 NH2 
CH2 CH2 CH2 
H H " H H H H H H H H C|<2 Clji2 Cy2 
V \ / W ^ ' ' ' ' CH2 CH, CH2 
Hydride Hydroxyl terminated PS APIS treated PS 
Scheme 1 Silanization of PS surface using APTS 
Scheme 1 explicates the silanization process on PS surface in an inert atmosphere at 
room temperature. The silanization reaction is initiated by a catalytic hydrolysis of 
the silicon-hydrogen groups and then abstraction of the surface -OH with 
alkoxysilane. Freshly prepared PS is dominated with Si-H species uniformly as 
shown in scheme 1 (A). The second step involves a chemical oxidation of the Si-H 
surface to form the Si-OH intermediate (B). Hydroxyl-terminated PS is treated with 
APTS shows presence of amine groups (NH2) covering the surface (C) which can 
further be utilized for reaction with either a cross-linking agent or immobilization of 
biomolecules. 
PL studies 
Figure 4.2 shows PL spectra of as anodised PS (a) and APTS treated PS (b) prepared 
at Id -20 mA cm"l The APTS-treated PS film shows a PL quenching with 
considerable decrease in PL intensity. This irreversible quenching can be attributed to 
a chemical modification of the PS sample that generates non-radiative surface traps, 
resulting in decrease in PL intensity upon APTS attachment [29]. U could also be due 
to energy or charge transfer from the PS to the APTS [30]. APTS being a charge 
acceptor indicates that the quenching of PL occurs via a charge transfer mechanism. 
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Figure 4.2 PL spectra of PS at Id~ 20 mA cm^ (a) as-anodized and (b) APIS treated 
Figure 4.3 shows PL spectra of as anodised PS (a) and APTS treated PS (b) 
prepared at I^  ~50 mA cm' . The APTS treated PS film at I^ -20 mA cm' shows PL 
quenching with decrease in PL intensity but less than APTS treated PS film prepared 
at Id -50 mA cm" . Enhanced quenching in case of high porosity film (I^ ~50 mA cm" 
) may be due to increased surface area for APTS adsorption. Upon APTS adsorption, 
only PL intensity decreases but there is no shift in PL peak position which means that 
the porous morphology remains unaltered by silanization reaction. 
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Figure 4.3 PL spectra of PS at Ij- 50 mA cm'^ (a) as-anodized and (b) APTS treated 
Hydrogen-terminated PS surfaces obtained by electrochemical etching in 
fluoride containing media, oxidize slowly in air leading to slow degradation of 
photoluminescence (PL) and concomitant degradation of the electronic properties. 
Many studies have been focused on the formation of silicon oxide species under 
thermal, electrochemical, or chemical oxidation conditions to stabilize the H-
terminated surface [6, 7]. The decay of PL intensity is a good indication of the 
stability of PS films particularly of surface bond configurations [2]. In Figure 4.4, 
decay of the PL intensity at the peak wavelength under humid conditions for PS films 
formed as-anodized and APTS-treated PS at Id~ 20 (Fig. 4.4 a and b) and 50 mA cm"^  
(Fig. 4.4 c and d) are compared. The PL peak position was recorded for different 
times corresponding to a fixed wavelength. Significant decay of the PL intensity is 
observed for fresh PS film as compared to the APTS treated films. Under humid 
conditions, the rate of PL decay for fresh PS film at U ~20 mAcm"^ is ~ 0.74 while in 
sample made at Id -50 mAcm"^ its value is -0.71. The rate of PL decay for APTS-
treated PS prepared at 20 and 50 mA cm"^  is - 0.53 and 0.50, respectively. The above 
results indicated that the formation of stable surface and correlates with the superior 
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mechanical stability of APTS-treated PS films prepared at Id -50 mAcm as 
compared to PS films formed at Id ~ 20 mA cm" and fresh (as-anodised) PS film. 
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Figure 4.4 PL decay under humid condition (a) fresh PS and (b) APTS-treated PS at 
Id ~ 20 mA cm' and (c) fresh PS and (d) APTS-treated PS corresponding to Id -50 
mA cm' 
FTIR studies 
Figure 4.5 (a-d) shows FTIR spectra of Fresh PS and APTS-treated PS corresponding 
to Id- 20 mA cm'^. For I^- 20 mA cm" ,^ fi-esh PS surface shows the Si-Hx stretching 
mode at -2111 cm' , Si-Hx bending modes at -907 and 630 cm"' [31]. A weak 
signature of O atoms either bonded to Si at -1235 cm"' is visible. The FTIR spectrum 
of fi-eshly (as anodised) prepared PS sample after exposure to humid conditions for 30 
days is shown in Fig. 4.5 (b). The prominent increase in peak intensity -1250 cm"' 
may be due the presence of Si-O-Si mode under humid conditions but the intensity of 
hydride-terminated surface -2100 cm"' is reduced marginally as compared with that 
of the freshly prepared sample. This indicates that the hydrolysis of the Si-Hx groups 
on the surface of PS is very difficuh in pure water [32]. IR spectrum of PS oxide 
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surface (after SC2) exposed to APTS shows a band peaking near 1145 cm"' (Fig. 4.5 
c). This band correspond to a combination of Si-O-Si vibrational modes including 
those of bonds formed between the silane and oxide surface, cross-linking between 
silane molecules at the surface, polymerization of silane, and unreacted Si-O-C 
(ethoxy) groups[12]. Bands in the region of 2800-2990 cm"' (centered at 2942 cm"') 
and the most prominent feature for all spectra is located -1500-1700 cm"' (centered 
near 1580 cm"') are assigned to CH2 stretching and NH2 bending, respectively [12, 
33]. The above IR results prove that APTS had been grafted onto the PS surface. 
Figure 4.5 (d) shows the IR spectrum of APTS treated PS under humid condition 
which shows a appreciable increase in oxide related species Si-O-Si (1100-1200 cm') 
and decrease in the peak intensity of region -1500-1700 cm"'. The above IR spectra 
indicate that APTS treated PS is more stable than fi-eshly prepared PS under humid 
condition. 
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Figure 4.5 FTIR spectra of (a) Fresh PS (b) Fresh PS under humid ambience (c) 
APTS-treated PS and (d) APTS-treated PS under humid ambience corresponding to 
Id~ 20 mA cm -2 
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Figure 4.6 (a-d) shows IR spectra of fresh PS and APTS-treated PS, 
corresponding to ICT 50 niA cm" . The IR spectrum of a freshly hydride-terminated 
PS is shown in Fig. 4.6 (a). It exhibits a typical tripartite band for Si-Hx stretching 
modes 2060- 2146 cm'' (2060 cm'' for Si-H, 2104 cm"' for Si-H2 and 2146 cm'' for 
Si-Hs). The Si-Hx bending modes exhibit absorptions at 909 and 633 cm'', 
respectively [8]. Under humid conditions, no obvious change in the absorptions 
related to Si-Hx vibrations of as prepared PS is found indicating that the hydrolysis 
of the Si-Hx on the surface of PS is negligible in the pure water atmosphere (Fig. 4.6 
b). The appearance of a peak with higher intensity around 1142 cm'' is indicative of 
Si-O-Si stretching mode under humid ambience due to oxidation. Other peak at ~ 
2900 cm"' represents C-H stretching modes which is due to presence of hydrocarbon 
might be incorporated through slight atmospheric contamination of freshly prepared 
PS [7, 34]. The hydrolysis of the H-terminated PS surfaces to form hydroxyl-
terminated surfaces is accomplished for grafting biomolecules using a well-developed 
silanization process and subsequent chemical functionalization. Figure 4.6 c-d shows 
the spectra characteristic of PS surface functionalized with APTS molecules when the 
reaction is complete at room temperature and its stability study under humid 
conditions. Upon treatment of PS film with APTS, the spectral region -900-1250 cm" 
' involves the Si-O-Si stretching modes, including those formed by attachment of 
APTS to the oxide surface. However, in addition to the Si-O-Si stretching mode that 
originates from direct bonding of the APTS molecule to the Si02 surface, this spectral 
region also contains the SiO-C stretching mode and the SiO-CHiCHs rocking mode. 
The IR spectrum of APTS-treated PS film as shown in Fig. 4.6 (c) shows presence of 
new peaks which are characterised by the aliphatic C-H stretching modes at -2844 
and 2936 cm"' corresponding to CH2 symmetric and asymmetric stretching modes 
respectively [12, 33, 35]. In Fig. 4.6 (c), IR absorption bands are observed at -1640 
cm"', assigned to the bending band of NH2 and that at -1580 cm"' to the bending band 
of protanated amines (-NH^^) [8, 36]. A weak peak at 1494 cm"' is attributed to the C-
H2 deformation mode [37]. The corresponding N-H stretching vibration at 3300 cm"' 
is more difficult to observe because of its weak dipole moment, and is often too weak 
to detect for film coverage [12]. Under humid conditions, the FTIR spectra of fresh 
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PS film are modestly affected with the increased peak intensity of Si-O-Si related 
mode at ~ 1219 cm"' [12] and a negligible decrease in NH2 related species (Fig. 4.6 
d). Thus, oxidation by means of humid conditions does not have much of effect on 
the properties of APTS-treated PS films which shows the chemical stability and 
inertness of PS films after APTS-treatment. These results are also supported by PL 
decay studies as well. 
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Figure 4.6 FTIR spectra of (a) Fresh PS, (b) Fresh PS under humid ambience, (c) 
APTS-treated PS and (d) APTS-treated PS under humid ambience corresponding to 
IiT 50 mA cm'^ 
XPS studies 
XPS experiments are performed to elucidate the composition of molecule attached, 
the valence states of various element present and to determine the level of molecules 
attached. Figure 4.7 (a-d) shows the fiiU XPS survey spectra of fi^sh PS and APTS-
treated PS films at I ^ 20 and 50 mAcm" .^ Figure 4.7 (a) and (b) show the XPS 
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spectra of fresh PS films at I ^ 20 and 50 mA cm'^ respectively. Both spectra display 
the following peaks at 284.6, 531.7 and a doublet at 99.0 and 102.9 eV 
corresponding to C (Is), O (Is) and Si (2p), respectively [8, 37]. After APIS 
treatment, N (Is) XPS signal at 401.3 eV appears in both cases which may be 
attributed to incorporation of amines-NHs species on the surface of APTS-treated PS 
films (Fig. 4 c and d). The intensity of N (Is) signal is higher in PS sample prepared 
at Irf~ 50 mAcm"^ (Fig 4.7 c) as compared to the PS sample prepared at 1^ 20 mA cm' 
' (Fig 4.7 d) [8]. 
3 
•4-> 
"55 
c 
(0 
CL 
X 
(a) 
. (<**»"^ 
^ 
i,^iilMji...j,iu.jiJii.jiiy 
(b) 
(c) 
IJ J /MHiwJ*'******^ 
^ 
(d) 
._JU-J mm 
M 
150 300 450 600 0 150 
Binding Energy (eV) 
300 450 600 
Figure 4.7 XPS survey spectra of (a) fresh PS at ld~20 mAcm'^ (b) APTS-treated PS 
at 1,1-20 mAcm'' (c) fresh PS at / ^ 50 mAcm^ and (d) APTS-treated PS films at /,/ 
-50 mAcm' 
Figure 4.8 shows the Si (2p) core-level XPS spectra for fresh PS, APTS-
treated PS and their corresponding spectra under humid ambience. From Fig. 4.8.1 (a) 
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and Fig. 4.8.2 (a) for fresh PS prepared at 1^-20 and 50 mAcm•^ respectively, the Si 
(2p) core level spectra show the doublet at 99.0 and -103 eV which indicates that Si 
exists in two different environments pure Si and, the oxidized Si, respectively [12]. 
Figure 4.8.1 (b) and Fig. 4.8.2 (b) show a reduction in Si (2p) spectra in the 
region of 99 eV peak for both lower (I^ -20 mAcm'^ ^ and higher porosity (h - 50 
mAcm"'^ ) PS filmsafter treating with APTS. The Si (2p) spectra shows increase in 103 
eV peak for PS film corresponding to I ^ 50 mA cm'^  (Fig. 4.8.2 b) as compared to 
APTS-treated PS, prepared at I ^ 20 mA cm'^  (Fig. 4.81 b). Increase in 103 eV peak 
area may be due to utilization of Si-O-Si bonds during silanization reaction which 
indeed is a measure of the amount of APTS adsorbed at the surface (also mentioned 
in FTIR studies section). 
Under humid ambience, the Si (2p) XPS peak intensity corresponding to pure 
Si (~ 99.1 eV) decreases drastically for fresh PS films and this effect is more for low 
porosity PS film (I^ -20 mA cm'^ ) as evident from Fig. 4.8.1 (b). This result is sharp 
contrast to that of APTS-treated PS which shows no appreciable change in Si-core 
level XPS peak intensity corresponding to pure Si (-99.1 eV) under humid ambience 
for both lower (I^ -20 mA cm"^ ) and higher porosity (la'~50 mAcm"'^ ) PS films. Under 
humid ambience, the reduction in the XPS peak intensity for pure silicon is higher for 
fresh PS films as compared to APTS-treated PS films indicating higher degree of 
oxidation for fresh PS films as compared to APTS-treated PS films which is evident 
from the above results. Upon oxidation, the rate of decrease of XPS signal for Si (2p) 
core level is significant for fresh PS as compared to APTS-treated PS which shows 
that APTS-treated PS films are relatively stable under oxidation conditions as also 
elucidated by PL decay and FTIR results, respectively [38]. 
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Figure 4.8.1 Si (2p) core-level XPS spectra for (a) fresh PS (b) fresh PS under humid 
ambience (c) APTS-treated PS and (d) APTS-treated PS under humid ambience at Id 
--20 mAcm'^ 
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Figure 4.8.2 Si (2p) core-level XPS spectra for (a) fresh PS (b) fresh PS under humid 
ambience (c) APTS-treated PS and (d) APTS-treated PS under humid ambience at fi 
-50 mAcm'~ 
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Figure 4.9 (Fig. 4.9.1 and Fig. 4.9.2) shows the O (Is) core-level XPS spectra 
for fresh PS, APTS-treated PS and their corresponding spectra under humid ambience 
corresponding to Id -20 and 50 mA cm" ,^ respectively. From O (Is) core level spectra 
both fresh PS (Fig. 4.9.1 a-b) and APTS-freated PS (Fig. 4.9.2 a-b) films in normal 
ambience exhibit similar XPS peak intensity at -531.7 eV but under humid 
conditions, O (Is) peak corresponding to fresh PS (Fig. 4.9.1 c and d) shifts to higher 
binding energy (-532.2 eV) while O (Is) core-level intensity and peak position 
remains the same for APTS-treated PS film (Fig. 4.9.2 c and d) indicating higher 
level of oxidation for the former than for the latter. The effect of oxidation for fresh 
PS is severe for lower porosity sample (Fig. 4.9.1 d) as compared to higher porosity 
sample (Fig. 4.9.1 d) under humid conditions. From O (Is) core-level XPS spectra, it 
is evident that under humid conditions, APTS-treated treated PS film prepared at 
l<r-50 mA cm"^  is quite stable which commensurates well with other XPS core-level 
and FTIR studies. 
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Figure 4.9.1 O (Is) core-level XPS spectra for fresh PS (a) at Id -20 mAcm'^ (b) at Id 
-50 mAcm (c) at Id -20 mAcnf under humid ambience and (d) at Id -50 mAcm 
under humid ambience 
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Figure 4.9.2 O Is core-level XPS spectra for APTS-treated PS (a) at Ij -20 mAcm'^ 
(b) at Id -^50 mAcm (c) at Id ~20 mAcm under humid ambience and (d) at Id ~50 
mAcm'^ under humid ambience 
The C (Is) core-level XPS spectra corresponding to I^  -20 and 50 mA cm' is 
shown in Fig. 4.10.1 and Fig. 4.10.2, respectively with peak at -284.6 eV 
demonstrate that the fresh PS films exhibits lower carbon content as compared to 
APTS-treated PS films which can be attributed to an increase in C-like species (C and 
C-N) upon silanization. However, under humid conditions, C (Is) core-level intensity 
decreases marginally for APTS-treated PS film prepared at 50 mA cm"^  (Fig. 4.10.2 
d) whereas the both fresh PS films show a considerable increment in C (Is) XPS 
intensity possibly resulting fi-om the atmospheric carbon contamination (Fig. 4.10.1 b 
and Fig. 4.10.2 b). 
91 
300 -
£• 200 
c 
s 
(0 
Q. 
X 
100 
284 286 288 
Binding Energy (eV) 
Figure 4.10.1 C (Is) core-level XPS spectra for (a) fresh PS (b) fresh PS under 
humid ambience (c) APTS-treated PS and (d) APTS-treated PS under humid 
ambience at Id -20 mAcni -2 
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Figure 4.10.2 C (Is) core-level XPS spectra for (a) fresh PS (b) fresh PS under 
humid ambience (c) APTS-treated PS and (d) APTS-treated PS under humid 
ambience at Id -50 mAcm'^ 
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Figure 4.11 (a-d) shows N (Is) core level XPS spectra corresponding to I^-20 
and 50 mA cm''^ , respectively under normal and humid ambiance. N (Is) core level 
XPS spectra show a peak position at -399.0 eV for both APTS-treated PS films (I^ 
-20 and 50 mAcm"'^ ). The increment in N-signal with similar peak position in APTS-
treated PS films prepared at I^ -50 mA cm"^  (Fig. 4.11 b) as compared to APTS-
treated PS films at Id -20 mA cm'^ (Fig. 4.11 a) indicates increment in NH2 species on 
the surface of PS with large pore size. This may provide large surface area resulting 
in better adsorption of APTS molecules. Under humid condition there is a decrease in 
N(ls) peak intensity which is more in case of PS film prepared at low current density 
PS film (Fig. 4.11 c) than the PS prepared at high current density (Fig. 4.11 d) and 
later is stable and resistant to oxidation. The absence of higher binding energy 
component here implies absence of any decomposition product of the APTS 
precursor. 
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Figure 4.11 N (Is) core-level XPS spectra for APTS-treated PS (a) at Id -20 mAcm -2 
-2 (b) at Id -50 mAcm (c) at Id -20 mAcm' under humid ambience and (d) at Id -50 
mAcm' under humid ambience 
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SUMMARY 
A simple silanization reaction to modify/functionalise PS surface preapred at two 
current densities Id -20 and 50 mA cm"'^  is presented. This reaction proceeds by 
hydrolysis of the surface silicon-hydrogen groups that generated hydroxyl-terminated 
surfaces from freshly prepared PS. The functionalization of the hydroxyl-terminated 
PS surface with silanization reagents proceeds by abstraction of Si02 to form an 
organic monolayer. The resulting monolayer is stable under a variety of humid 
conditions and retains the intrinsic structural properties of the PS layers. Surface 
flinctionalisation of nanostructured PS films and their stability under humid 
conditions are characterised using PL, FTIR and XPS techniques. PS films prepared 
at Id ~ 50 mA cm" having high PL intensity and stable surface bond configurations, 
as compared to PS film prepared at Id -20 mAcm"'^  conforms its viability for the 
effective biofunctionalisation using APTS as precursor which can ensures covalent 
linking between the surface and biomolecules. The ease of this method of 
biofunctionalisation and low cost technique opens the possibility of using 
biofunctionalised PS in biosensing devices, microarray technology, organic 
semiconductors, and many other biotechnology and physics applications. 
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CHAPTER 3 
IMMUNOGLOBULIN IMMOBILISATION ON MODIFIED POROUS 
SILICON SURFACE 
INTRODUCTION 
Porous silicon (PS) can be used as smart transducer material in sensing application 
particularly in the detection of vapors, liquids and biochemical molecules. In fact, on 
exposure of chemical substances, several physical quantities such as refractive index, 
photoluminescence, and electrical conductivity change drastically [1, 2]. A key 
feature of a physical transducer, being sensitive to organic and biological molecules 
either in vapor or liquid state is a large surface area of the order of 200-500 m^ cm'^ . 
thus ensuring an effective interaction with several adsorbates [3]. PS technology has 
shown great capability in detecting biological molecules with high selectivity using 
specific linker agent and probe molecules. For the biomedical applications of PS, 
biomolecules have to be first immobilized on its surface through functional groups 
deposited on it. The common approach is to create a covalent bond between the PS 
surface and the biomolecules which specifically recognize the target analytes [4]. The 
aim of the present study is to demonstrate the covalent bonding between organic 
molecules (immunoglobulin) and modified inorganic surface (PS) which can be used 
for the detection of protein signals. PS surface is biofunctionalized by depositing on 
to its surface a thin biocompatible film with a large density of amine groups, using 
APTS. The choice of APTS as a functionalization material is based upon the fact that 
amine groups are present in proteins and their chemical interaction with other 
functional groups is well documented [2, 5]. Gkitaraldehydc is used as a 
homobifunctional cross-linker to bridge the APTS functionalised PS surface and the 
antibody. The amino groups on the surface can be used for Schiff base formation with 
glutaraldehyde, then covalent binding of the antibody can easily be achieved. 
Antibody is selectively and specifically binds to its complimentary antigen. To le.st 
for immunocomplex specificity, the antibody-functionalized PS is treated with 
complimcntar}- FITC labelled antigen. 
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The biofunctionalized PS surface was characterized by different techniques 
like X-ray photoelectron spectroscopy (XPS) and fourier transform infrared 
spectroscopy (FTIR), respectively. The present work shows a potential approach to 
PS-based biosensors. 
MATERIALS AND METHODS 
Porous silicon formation 
In the present study PS prepared at current density 50 mAcm' (Pore size -50-60 nm) 
has been utilized for immunoglobulin attachment. Details of formation of PS are 
given in chapter 1 Part A (page no. 42-44). 
Chemical modification of silicon surfaces 
The description of silanization process used for PS surface has been given in Chapter 
2 (page no. 79). The APTS functionalized flat silicon and PS samples were immersed 
into a solution of glutaraldehyde (2.5%, pH 7), which was used as a cross linker. The 
wafers were kept in the solution for 1 hr at room temperature. Subsequently, the 
samples were rinsed with DI water in order to remove unbound glutaraldehyde. 
Immunoglobulin immobilization 
The antibody (Human IgG) (5 |ag/ml in acetic/acetate buffers,/>H 5) was immobilized 
on glutaraldehyde treated PS surface for ~1 hr. The unoccupied sites of the 
functionalized samples were blocked by incubating with blocking solution bovine 
serum albumin (0.1%) at room temperature for 15 min. The substrates were cleaned 
with 0.05% Tween 20 in phosphate buffered saline (PBS). To verify the activity of 
the covalently bonded antibodies, antigen-antibody incubation was carried out. For 
this, antibodies immobilised on PS surface were incubated with the antigen (goat anti 
human IgG, fluorascien isothiocyanate (FITC) labeled, 5 |ag/ml in 0.05M PBS at pH 
7.2) for 1 h at room temperature in dark. After rinsing with deionized water thrice, the 
FITC conjugate was avoided to light exposure and examined under UV light using a 
fluorescence microscope. 
Sample characterization 
Various steps involved in immobilization were monitored and characterized. Samples 
were characterized using X-ray photoelectron spectroscopy (XPS) and fourier 
transform infrared spectroscopy (FTIR). Antigen-antibody binding was examined 
using Nikon Fluorophot (Axioskope 40) microscope fitted with digital camera (USA). 
The pictures were scanned using 10 x objectives with apple green fluorescence. 
RESULTS AND DISCUSSION 
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Scheme 1 shows the antibody-antigen chemical attachment to the modified PS 
surface. Initially, freshly prepared PS is SiHx terminated which is then treated with a 
solution of hydrogen peroxide, deionized water and hydrochloric acid (SC2 ) to 
obtain a layer of hydroxyl-terminated silicon oxide about 1.0-1.5 nm thick [6] (A). 
Secondly, these hydroxyl-terminated PS surfaces are then silanized with APIS in 
toluene resulting in amine-terminated surfaces (B); thirdly, this APTS-modified 
surface is reacted with glutaraldehyde. Glutaraldehyde have been commonly applied 
for biomolecular immobilisation the two aldehyde groups of glutaraldehyde are used 
to bridge amine-reactive PS surface (APTS modified) with biomoleculcs bearing 
primary amines (Immunoglobulin). The reaction is through a nucleophilic attack of 
amine on C=0 group of glutaraldehyde. (C); fourthly, antibody (Human IgG) is 
bound to one of the aldehyde group of glutaraldehyde (D) and finally which bind with 
FITC labelled antigen (goat anti human IgG) (E), respectively. The size of antibody is 
generally in the range 10-15 rmi. The conformation of the immunoglobulin (Ig) 
antibody is Y-shape, composed of an upper Fab region with active sites (paratopes) at 
its tips and a lower Fc region with no specific binding capability. Antigen binds 
specifically at antibody binding sites. Only complementary (or conjugate) partners 
can bind at complementary antibody spots. All other unbound antigen are rinsed 
away. Specific binding is a 3-D conformational fit between the antigen binding 
region (epitope) and antibody binding region (paratope). The specific interaction at 
this interface largely consists of hydrogen bonding between protein resides and 
through interstitial water molecules. 
FTIR studies 
Covalent attachment of a biomolecule on any substrate depends on the efficiency of 
the surface functionalization. A biomolecule, such as protein (immunoglobulin, 
enzyme etc) may be attached to a surface via a spacer group having reactive end 
groups like amine, carboxylic acid and hydroxyl groups. These spacer groups reduce 
steric hindrance and provide better freedom of movement to the immobilized 
biomolecules for increased activity [6]. A silane reaction or silanization provides 
necessary spacer groups for the purpose of immobilizing a biomolecule [7]. The IR 
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spectra for fresh PS and APTS treated samples have been described earUer in 
(Chapter 4, page no. 80-81) The APTS modified surface is then reacted with 
glutaraldehyde which can form linkage with the primary amine group on proteins [8, 
9]. 
IR spectrum of APTS modified PS surface obtained after exposure to a 
glutaraldehyde solution (Fig. 5.1) contains a band at -1737 cm'' assigned to the 
stretching vibration of the aldehyde (C=0) group and another band at -1670 cm' 
corresponds to the imine (C-N) bond. These bands reveal the Schiff s base formation 
with glutaraldehyde. The presence of these two peaks indicates the reaction between 
the amine groups of APTS and the aldehyde group of glutaraldehyde. Glutaraldehyde 
treated PS samples do not show any bands corresponding to -NH bonds. After 
silanization, the PS sample has bands corresponding to -NH bonds and -CH bonds. 
The absence of -NH bonds also corroborate the formation of imine bond. Hence, it 
confirms the formation of Schiff s base as a result of glutaraldehyde treatment [9, 10]. 
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Figure 5.1 FTIR spectrum of glutaraldehyde PS surface 
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Figure 5.2 shows the FTIR spectrum of modified PS after antibody binding; 
two bands are observed at ~ 1650 and 1540 cm"', indicative of protein attachment. 
Antibody is attached to one of the available aldehyde group of glutaraldehyde, most 
likely through the random amines of lysine residues at the surface of the Fab fragment 
[11]. The spectrum (Fig. 5.2) explain the typical characteristics of the amide 
backbone of all proteins namely, the amide bands near 1650 (C=0 stretch; amide 1) 
and 1540 cm"' (both C-N and C-N-H stretching mode; amide II) bands which can be 
readily assigned to the amide functionalities of a peptide group, providing evidence of 
chemical bonding of antibody to the APIS modified PS surface [12-14], The above 
results show that antibody is covalently bound to the amine-functionalized PS surface 
using glutaraldehyde as a crosslinking agent. 
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Figure 5.2 FTIR studies of PS film after Ab immobilization 
105 
XPS studies 
A comparison of the XPS survey spectra of APTS modified PS, glutaraldehyde 
treated PS and antibody (Hviman IgG) attached PS surfaces illustrated changes in the 
intensities of carbon (Cls), oxygen (01s), nitrogen (Nls) and silicon (Si 2s, 2p) 
composition of the surface before and after each chemical modification. Fig. 5.3 
shows the general scan XPS survey spectra of carbon, oxygen, nitrogen and silicon 
after silanization, glutaraldehyde treatment, and antibody attachment. Table 1 shows 
the percentage elemental composition present after surface modification and antibody 
immobilisation. 
f 
1200 
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Figure 5.3 XPS spectra of (a) APTS modified (b) glutaraldehyde treated and (c) 
antibody immobilised PS surface 
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Table 1: Atomic concentration of elements C, N, O and Si 
Element (%) 
Carbon 
Oxygen 
Silicon 
Nitrogen 
APIS modified 
PS 
44.7 
38.3 
10.1 
6.8 
Glutaraldehyde 
treated PS 
53.8 
34.1 
8.9 
3.2 
Antibody 
immobilised PS 
54.4 
32.9 
2.3 
10.4 
There is an increase in carbon (C Is peak) concentration as well as in nitrogen 
(N Is peak) content with antibody immobilised PS sample (Fig. 5.3) as compared to 
glutaraldehyde and APIS treated PS. After silanization, Nls and Si 2p signals of 
nhrogen and silicon are detected with peak intensity (area %) -6.8 % and 10.1 %, 
respectively. When antibodies are immobilized onto PS, the Nls peak intensity (area 
%) increased from 6.8 to 10.4 %, and the Si2p peak intensity is decreased to about 
2.3%. Enhancement of the content of nitrogen (N Is) and reduction in Si2p signals 
after immobilization of the antibodies suggest that the immobilization of antibodies 
onto the APTS modified PS surface is complete [15]. The APTS functionalised PS 
indicate the presence of NH2 group uniformly distributed over the surface. The 
thickness of the silane layer deposited on PS is approximately quantified with XPS 
spectra using formula Isi / I°°si = exp (-d/ X'^^^^s\) where Isi/I°°si is the Si2p intensity 
ratio for silylated and blank substrates, respectively, d is the thickness of film, and 
X^ Si is the attenuation length, assumed to be equal to 43 A (density for 
APTS=0.946 g cm'^ [16]. The average thickness of APTS film (d) is approximately 
equal to 16 A [4, 17]. ^ 
Figure 5.4 shows a detailed deconvolution analysis of C (Is) spectra of PS 
surfaces to identify the contributions of different types of covalent bond formation 
after surface functionalisation and antibody immobilisation. C (Is) spectra of APTS 
modified PS surface indicates presence of hydrocarbon species (CI), which is higher 
(-78%) as compared to glutaraldehyde treated (60%) and antibody attached (47%) 
PS. Upon glutaraldehyde treatment another carbon species (C3) appeared in the Cls 
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spectrum (Fig. 5.4.b) which can be attributed to oxygenated carbon species (C=0, O-
C-0) thus confirming reaction with glutaraldehyde. A new carbon component 
consisting of contributions from C-N and C-O (C2), which is much higher in case of 
PS sample immobilized with antibody. Table 2 elucidates the percentage contribution 
of carbon bonds formed during different chemical modification of PS surface [4]. 
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Figure 5.4 C (Is) XPS spectra of (a) APIS modified (b) glutaraldehyde treated and 
(c) antibody immobilised PS surface 
Table 2 Explains the binding energies and percentage area of deconvoluted C (Is) 
core level peak for different chemical states of carbon. 
Species 
APIS 
GA 
Immobilised 
Antibody 
CI (C-C,C-H)% 
Binding Energy 
(eV) 
78 (284.4) 
60 (284.6) 
47 (284.6) 
C2 (C-N, C-0) % 
Binding Energy 
(eV) 
22 (285.4) 
26 (285.5) 
24 (285.2) C-N 
14(286) C-O 
C3 (C=0,0-C-0)% 
Binding Energy (eV) 
-
14 (287.3) 
15 (287.7) 
To quantify the nitrogen contribution after surface fimctionalisation and 
immunoglobulin attachment on PS, N (Is) peakfit was attempted by using three curve 
components, which are shaped as a convolution of Gaussian curve. Deconvoluted N 
(Is) spectra explicate the occurrence of three nitrogenous species (Fig. 5.5.a-c). The 
nitrogen component (Nl) with the lowest binding energy, -399.1 eV (Fig. 5.5) are 
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assigned to unsaturated chemical bonds (-N=), another peak (N2) ~ 400 eV of binding 
energy shows the nitrogen contribution due to -NH- and finally, the peak at ~ 401 eV 
(N3) agrees well with NH2 nitrogen. Appearance of the Nls signal is evidenced that 
the APTS silanized substrate anchoring NH2 groups to the PS surface. The percentage 
of nitrogen components is compared to the relative intensities of their contributions 
(Table 3). 
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Figure 5.5 A'^  (Is) XPS spectra ofAPTS modified (a) glutaraldehyde treated (b) and 
antibody immobilised (c) PS surface 
Table 3 Deconvolution of N (Is) spectra after surface modification and antibody 
immobilised on PS 
Species 
APIS 
GA 
Antibody 
Nl (-N=) % 
Binding Energy (eV) 
73 (399.1) 
64 (399.2) 
56(399.1) 
N2 (-NH-) % 
Binding Energy (eV) 
20 (399.9) 
23 (400.3) 
30 (400.3) 
N3 (NH2)% 
Binding Energy (eV) 
7 (401) 
11(401.5) 
14(401.7) 
Antibody-antigen immunocomplex formation can be used as an essential tool 
to diagnose and profile diseases rapidly and reliably [18]. The immunocomplex can 
easily be detected and quantified by optical, electrical or mass measurement methods 
using surface immobilized biomolecules [19-22]. The bioactivity of fimctionalized PS 
film which shows great promise for immunoassay has been assessed by the detection 
of a FITC-labelled antigen (secondary antibody) binding with its primary antibody. 
Fluorescence micrograph (Figure 5.6 b) shows PS surface after antigen binding, show 
a apple green colour which indicates binding of secondary FTIC labeled antibody 
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(goat anti human IgG) uniformly with primary anitibody (Human IgG). Figure 5.6a 
corresponds to biofunctionalized PS with antibodies immobilized on its surface. It is 
observed that FITC labelled antigen reacts with antibodies immobilized on 
functinalised PS surface. It is evident from XPS and FTIR that antibodies 
immobilized on PS surface keep their functionality since they are recognized by their 
correspondent antigens. 
Figure 5.6 Fluorescent image (a) anibody (Human IgG) immobilised PS (b) FITC 
labelled antigen (Goat anti-human IgG) binding with antibody 
SUMMARY 
The above study demonstrates that antibody (Human IgG) binds to the APTS derived 
PS surface by covalent bonds between the reactive amine group of the antibody and 
aldehyde group of the glutaraldehyde. This also demonstrates that antibody 
immobilised on PS surface binds selectively to its complimentary antigen (goat anti-
human IgG). The results from XPS, FTIR and flouroscence microscopy has 
convincingly proved the antibody-antigen binding on PS surface. Therefore, it can be 
concluded that PS surface can be used for bionanotechnology applications in general, 
and immunosensing in particular. 
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CHAPTER 4 
PART A 
ATTACHMENT OF STREPTAVIDIN-BIOTIN ON 3-
AMINOPROPYLTRIETHOXYSILANE (APTS) MODIFIED POROUS 
SILICON SURFACE* 
INTRODUCTION 
Porous silicon (PS) was first developed by Uhlir while performing electrochemical 
etching of silicon. It exhibits unique optical and electrical properties due to quantum 
confinement effects as reported by Canham and Cullis et al. [1-3]. Nanostructured 
porous silicon has been used for chemical and biological sensing due to its 
morphological and physical properties like tunable pore size. It is very sensitive to the 
presence of biochemical species that can penetrate inside the pores as it has a sponge-
like structure with a specific area of the order of 200-500 m cm' [4-8]. PS provides a 
large and often highly reactive surface area, which enables more effective capture and 
detection of biomolecules than bulk materials. Biomolecule detection using a porous 
silicon platform was pioneered by Sailor et. al. [9]. DNA has been the most 
commonly detected target molecule, although there have been several demonstrations 
of enzyme, virus, and protein detection using various porous silicon structures and 
optical transduction methods [10-15]. 
The biotin/streptavidin system exhibits one of the strongest receptor-ligand 
interactions found in nature [16, 17]. The high binding affinity and the symmetry of 
the biotin-binding pockets, positioned as pairs at opposite sides of the protein [18] can 
be used to conjugate biotin with diverse biomolecules such as antibodies, enzymes, 
peptides and nucleotides [19]. 
Work has been carried out at The State University of New Jersey. Rutgers 
116 
Streptavidin-biotin interaction on APTS modified PS is reported. To create a 
biotin-functionalized surface for the capture of streptavidin, hydroxyl-terminated PS 
was silanized with APTS to create amino groups on the surface. Next, the sulfo-
NHS-biotin was immobilized and eventually used to bind streptavidin. Various stages 
of protein immobilization on modified silicon surfaces were observed by infrared 
spectroscopy. The attachment of streptavidin-biotin on modified silicon substrates 
and the ease of fiinctionalization of substrates with biotin make this system extremely 
useful in a wide range of biological sensing applications. 
METHODOLOGY 
Anhydrous 3-aminopropyltriethoxysilane (APTS), hydrofluoric acid (HF), isopropyl 
alcohol (IPA), anhydrous toluene, biotin 3-sulfo-N-hydroxy-succinimide ester sodium 
salt (NHS-biotin), N, N-dimethylformamide (DMF), streptavidin from Streptomyces 
avidinii, and Tween 20 were purchased from Sigma-Aldrich and 18.2 MD-cm 
deionized water was used. All chemicals were used as received unless otherwise 
mentioned. 
Porous silicon formation 
Details of PS formation at current density 50 mA/cm for 30 min have been given in 
Chapter 1 Part A (page no.- 42-44). As-anodised hydride-terminated PS was then 
treated with SC2 to obtain a Si02 hydroxyl-terminated surface [20]. 
Chemical modification of silicon surfaces 
Anhydrous APTS (98%) and anhydrous toluene (99.8%. <0:001% water) were used 
for silanization. All APTS experiments were conducted inside a dry nitrogen- purged 
glovebox. For APTS treatment, PS samples were immersed in 0.1% (v/v) solution of 
APTS in anhydrous toluene and incubated in the glovebox for 48 hr at 70"C. After the 
reaction, the functionalized Si sample was removed from the APTS solution and 
rinsed with fresh anhydrous toluene. 
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Next, NHS-biotin solvated in DMF (2.5 mg/mL) was added to APTS-treated 
PS and incubated for about 1 hr. The sample was then rinsed twice with DMF to 
remove unbound biotin. Biotinylated substrates were treated with streptavidin (100 
l^ g/mL streptavidin in PBS, pH 7.4) for 45 min. Subsequently, the substrates were 
rinsed with 0.05% Tween 20 in PBS twice, followed by thorough washing in PBS and 
DI water. Samples were then dried under a stream of purified air [21]. 
IR spectra were recorded with a mercury-cadmium-telluride-A (MCT-A) 
detector over the 650 to 4000 cm'' spectral range. All PS samples were colleted in 
transmission, with 4 cm"' resolution. Five sets of 1000 scans each were typically 
recorded at a mirror velocity of 1.9 cm/second. Dry nitrogen gas was used to purge 
the spectrometer chamber during scans. 
The contact angle was measured using water droplet as well as sessile drop 
method using KRUSS DSAIO system with probe liquid of resistivity 18 MQcm. On 
each sample, the contact angle was measured on at least three different locations and 
was averaged. 
RESULTS AND DISCUSSION 
Scheme 1 shows the immobilization steps of the streptavidin-biotin to APTS-
modified porous silicon surfaces: Initially, freshly prepared PS with SiHx terminated 
surfaces was treated with SC2 to obtain hydroxyl-terminated surfaces (A); second, 
these hydroxyl-terminated PS surfaces were silanized with APTS in toluene resulting 
in amine-terminated surfaces (B); third, these APTS-modified surfaces were reacted 
with NHS-biotin to produce biotinylated surfaces (C); finally, streptavidin was bound 
to biotinylated surfaces (D), respectively. 
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Contact angle measurement 
Contact angle can be obtained by measuring the tangent angle of a liquid drop on a 
solid surface base. Apparent contact angle me£isurement is a quantitative 
measurement of the intermolecular force field which is a usefixl description of the 
complex dynamic molecular world at interfaces and contact line. Although the 
interpretation of contact angle needs to be discussed, the measurement is worthwhile 
to perform due to its simplicity. For BioMEMS devices, the contact angles between 
biofluids and silicon compound substrates need to be determined, especially when the 
drop size is in submicrometers. Since the change in contact angle with drop size 
usually is a few degrees, the techniques used to measure the drop size dependence of 
contact angles must be very accurate and sensitive to small changes in contact angles 
[22]. The contact angle for the prepared PS surface before oxidation is 120°±2°, i.e. a 
rather hydrophobic surface (Fig. 6.1a). After oxidation the contact angle decreased 
(5°±1°) indicating a change in the surface wettability (Fig. 6.1b). This is attributed to 
the formation of a polar Si-OH capped surface after oxidation. Amino silanised PS 
has contact angle of ~53°±1 " (Fig. 6.1c) in accordance with published data [23, 24]. 
After NHS-biotin treatment the contact angle is changed to 57±2° (Fig. 6.Id). This 
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increase in the contact angle is due to the presence of organic rings with methylene 
units of the NHS esters [25]. Streptavidin treated PS surface turned out to be very 
hydrophilic and the contact angle is too low (<5°) to be measured (Fig. 6.1e). This 
hydrophilic surface with biotin binding functionality will be applied for the 
measurement of biological samples such as serum or other biological fluids because 
they reduce non-specific binding while presenting a high biotin binding activity to 
generate an increased signal intensity of the biosensor reported elsewhere [26]. 
I 
(c) 
I 
I 
I (d) 
(e) 
Figure 6. 1 Contact angle measurements of (a) As anodized PS (b) oxidized PS (c) 
APTS treated PS (d) NHS-biotin modified PS and (e) streptavidin attached PS 
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FTIR studies 
The IR absorption spectra, collected after each step for streptavidin-biotin attachment 
on PS are shown in Figures 6.2-6.5. The IR spectrum of a freshly hydride-terminated 
PS wafer is shown in Fig. 6.2. It exhibits the typical Si-Hx stretching modes at 2073-
2105 cm"^  [27]. The hydrolysis of the H-terminated PS surfaces to form hydroxyl-
terminated surfaces is accomplished for grafting biomolecules using a well-developed 
silanization process and subsequent chemical fimctionalization. 
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Figure 6.2 IR spectrum of freshly anodized PS referenced to SC1/SC2 cleaned wafer 
showing hydrogen-terminated surface 
Fig. 6.3 (a) IR absorption bands are observed at (i) approximately 1580 cm"\ 
assigned to the NH2 scissoring vibration of APTS amine groups (ii) 1647 cm"^ 
corresponding to the asymmetric -NH^^ deformation mode and (iii) 1494 cm"', 
assigned to the symmetric Nrf^eformation mode [28]. Fig. 6.3 (b) shows the IR 
spectra of APTS functionalized PS. The presence of CHx stretching modes is 
observed between 2828 and 2961 cm"'. The CH2 asymmetric and symmetric 
stretching modes are observed at 2915 and 2828 cm"', respectively with the CH3 
asymmetric stretching mode at 2961 cm"' [29]. 
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Figure 6.3 (a) (b) IR spectra of amine-terminated PS surface after APTS treatment. 
These spectra are referenced to the hydroocyl-terminated SiO2 surface 
The cross-linking reactions of the amine-reactive surface with activated ester 
of NHS-biotin have been commonly applied for biomolecular immobilization on 
various substrates. The reaction takes place through a nucleophilic attack of the amine 
by ester C=0, eliminating NHS. The IR spectra of biotin-NHS (Fig. 6.4) show new 
peaks (i) approximately at 1714 cm"' attributable to the biotin ureido C=0 and (ii) 
amide I at 1645 (C=0 stretch) and amide II (N-H bend with C-N stretch) bands at 
1552 cm"' [19, 27] due to the covalent attachment of biotin to the amine-terminated 
surface. 
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Figure 6.4 IR spectrum of hiotinylated functionalized PS referenced to the APTS 
treated PS surface 
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In Fig. 6.5, two bands at 1648 cm'' (amide I) and 1542 cm' (amide II) are 
observed, which can be assigned to the amide functionalities of the peptide groups of 
streptavidin [19, 30]. Each streptavidin tetramer has four equivalent sites for biotin 
(two on each side of the complex) which makes biotin a useful molecular linker. The 
specific binding of streptavidin to the biotinylated 3-APTS modified PS surface is 
evident in the IR spectrum in the appearance of the amide bands. 
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Figure 6.5 IR spectra of streptavidin attachment on PS referenced to the biotinylated 
surface. 
SUMMARY 
Nanostructured PS surfaces with pore size of ~50-60 nm provide large and 
biocompatible surface areas for biospecific bonding of streptavidin. APTS 
functionalized PS reacts with biotin-NHS at its amine group, and the biotinylated 
surface subsequently binds with streptavidin (shown using IR spectroscopy). The 
ability to monitor these important chemical and biochemical reactions, and obtain a 
positive measure of streptavidin in porous silicon makes it possible to develop the use 
of PS for a broad range of applications in the field of biosensors. In addition, it can be 
expected that a tailored porous structure could also act as a matrix for a large variety 
of biological and chemical molecules. Immobilization of proteins on functionalized 
PS surfaces constitutes a research area of considerable importance in emerging 
technologies employing biocatalytic and biorecognition events. 
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PARTE 
STREPTAVIDIN ATTACHMENT ON MODIFIED FLAT AND SILICON 
NANOWIRE SURFACES 
INTRODUCTION 
Nanotechnology is revolutionizing the development of biosensors. Nanomaterials and 
nanofabrication technologies are increasingly being used to design novel biosensors. 
Sensitivity and other attributes of biosensors can be improved by using nanomaterials 
with unique chemical, physical, and mechanical properties in their construction. 
Some particular nanomaterials, such as gold and semiconductor quantum-dot 
nanoparticles have been widely used for biosensing and fabrication of bioreactors due 
to their good biocompatibility [1,2]. Over the last two decades considerable attention 
has been paid to the development of new biocompatible materials with suitable 
hydrophilicity [3], high porosity [4] and large surface area [5, 6] for protein 
immobilization. 
Silicon is a promising biomaterial that is non-toxic and biodegradable. Surface 
modification, precise control of the surface characteristics and the high specificity of 
biomolecules can also impart properties that promote biomolecule attachment on 
silicon surfaces [7]. Highly specific interactions between biomolecules, such as 
antigen-antibody, ligand-receptor and complementary DNA-DNA interactions play 
important roles in governing molecular recognition processes in numerous biological 
functions. The expression of genes, the functionality of an enzyme, and the protection 
of an organism's cells are a few examples of processes that are dependent upon such 
interactions [8]. 
Biotin-avidin and biotin-streptavidin interactions are prototypical systems for 
ligand-receptor recognition studies because of their high specificity, high affinit). 
well-known solution-phase thermodynamic properties, ease of preparation of 
functionalized substrates and wide applications in bioanalytical techniques. Biotin 
(MW=244.3) also known as vitamin H. is a coenzyme which plays an important role 
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in many carboxylation reactions of metabolism [9]. Avidin and the homologous 
protein streptavidin (MW=66000 and 60000, respectively) are tetrameric proteins. 
Each can bind up to four molecules of biotin with high affinity (dissociation constant 
A^ <f=10''^  M) which is among the strongest known protein-ligand interactions [10, 11]. 
This binding couple is highly stable under a wide range of conditions including 
extreme pH, salt concentration, and temperature. Such strong and specific binding 
between avidin or streptavidin and biotin has led to the general applicability of these 
biomolecules to form essentially irreversible and specific linkages between biological 
macromolecules in various immunochemical and diagnostic assays [12-14]. 
Streptavidin can be bound to a surface via biotin or covalent linkage, but 
attachment to biotinylated surfaces provides both increased stability and organization 
of the SA film at the surface [15]. A study employing both surface plasmon resonance 
(SPR) and quartz crystal microbalance with energy dissipation monitoring (QCM-D) 
demonstrated that a streptavidin layer bound to a surface via biotin contained fewer 
trapped water molecules and hence was more compact than an SA layer attached 
covalently to a surface, suggesting greater organization of the streptavidin surface 
bound via biotin [16]. 
Streptavidin-biotin attachment on different silicon surfaces is demonstrated in 
this part of the chapter. Flat silicon as well as a nanostructured silicon nanowire 
surface (SiNW) were used for streptavidin-biotin attachment by following the 
protocol as given chapter 6 part A, methodological section. Surface aminosilanization 
with APTS was performed under anhydrous conditions to create amino groups on the 
surface. Next, the sulfo-NHS-biotin was immobilized and eventually used to bind 
streptavidin. The protein immobilization on modified silicon surfaces was observed 
by fourier transform infrared spectroscopy (FTIR) and X-ray photoelectron 
spectroscopy (XPS).The present study provides a platform to detect receptor-ligand 
interactions which play an important role in protein disease markers, 
immunoglobulin-protein binding, and DNA hybridization. 
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METHODOLOGY 
Anhydrous 3-aminopropyltriethoxysilane (APTS), hydrofluoric acid (HF), isopropyl 
alcohol (IPA), anhydrous toluene, N, N-dimethylformamide (DMF) and Tween 20 
phosphate buffer saline (PBS), biotin 3-sulfo-N-hydroxy-succinimide ester sodium 
salt (NHS-biotin) and streptavidin from Streptomyces avidinii were purchased from 
Merck and Sigma-Aldrich, respectively and 18.2 MD-cm'^  deionized water 
(Millipore) were used. 
Formation of silicon nanowire 
Details related to growth of silicon nanowire have been given in Chapter 1 Part B 
(page no. 69-71). Both flat and SiNW samples were treated with SC2 to obtain a 
hydroxyl-terminated surface. 
Chemical modiflcation of silicon surfaces 
Attachment of streptavidin to a biotinylated silicon oxide surfaces begins with 
silanization of the silicon surfaces to prepare it for chemical modification with biotin. 
The description of silanization process has been given in Chapter 2 (page no. 76). 
Process of biotinylation of amine-terminated surfaces pjid streptavidin treatment has 
been explained earlier (Chapter 4 Part A, page no. 118) [17]. 
Sample Characterization 
Samples were characterized using X-ray photoelectron spectroscopy (XPS) and 
fourier transform infrared spectroscopy (FTIR) techniques as described earlier 
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RESULTS AND DISCUSSION 
IR Analysis 
SiNWs used in present study, were smooth and uniform with an average diameter of 
-100-300 nm and average length of ~1-1. 5 \xm as confirmed by SEM studies. Details 
have been given in Chapter 3 [18]. 
Figure 6.6 and Fig. 6.7 depict characteristic FTIR spectra of silicon surfaces 
before, and after modification with APTS. Upon oxidation, the bands -1099 and 1077 
cm'' appear in SiNW (Fig. 6.6a) and flat silicon (Fig. 6.6b), respectively 
corresponding to SiO-H vibrations. Notable changes associated with APTS 
modification include appearance of prominent feature for all spectra (Fig. 6.7) which 
is located between 950 and 1250 cm'' (herein referred to as the SiO-X region) and has 
been previously attributed to the Si-O-Si stretching mode [19]. The remaining 
spectral features include a peak at 1574 cm'' in SiNW (Fig. 6.7a) that correspond to 
the NH2 bending vibration confirming the presence of NH2 terminal group of the 
APTS molecules whereas there is a shift in peak position for flat silicon surface 
-1566 cm'' (Fig. 6.7a). In addition to this mode, another feature at -1626 and 1662 
cm'', corresponding to the asymmetric -NH^^ deformation mode and the other feature 
at 1489 and 1496 cm'' is assigned to the symmetric -NH'''^  deformation mode [20] are 
present in flat silicon and SiNW, respectively. The corresponding N-H stretching 
vibration at 3300 cm'' and the presence of CHx stretching mode is observed between 
2800 and 2990 cm'' for both silicon surfaces [21], 
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Figure 6.8 IR spectra ofbiotin treated (a) SiNW and (b) flat silicon surface 
Following exposure of the APTS-treated silicon surfaces to a NHS biotin 
solution, the FT-IR spectra displays three weak bands around 1500, 1600 and 1700 
cm"' (Fig. 6.8). Bands unique to reacted biotin-NHS are present at -1547 and 1552 
cm"' assigned to the amide II (N-H bend + C-N stretch) and 1640 and 1643 cm"', are 
due to amide I (C=0 stretch) vibrational modes, in SiNW and flat silicon surface, 
respectively, and indicate the amide bond formed between biotin and the svirface [22-
26]. Here biotin-NHS is covalently attached to the amine-terminated surface. Bands 
imique to unreacted biotin-NHS which are boimd to the flat silicon substrate in a 
noncovalent way are at 1723 cm"' assigned to the asymmetric stretch of the 
succinimide carbonyls of the NHS moiety which are absent in SiNW sample [7, 27, 
28]. Disappearance of the bands assigned to amine groups -1566, 1626 and 1574, 
1662 cm"' in flat silicon and in SiNW samples, respectively indicate chemical binding 
ofbiotin to the amine-terminated surfaces via amide linkage. 
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Figure 6.9 IR spectra of (a) SiNW and (b) flat silicon surface after streptavidin 
attachment 
Upon adsorption of streptavidin to the biotinylated surface bands are observed 
at -1562 and 1638 cm"' in SiNW sample, indicative of protein adsorption (Fig. 6.9 a). 
The major band at 1638 cm" is due to y9-sheets, the major secondary structural 
component of streptavidin [29]. Similarly, in flat silicon sample two bands -1564 and 
1639 cm"' are due to amide II and amide I, respectively (Fig. 6.9 b). The study of 
biotinylated surface exposure to streptavidin is made difficult by the fact that protein 
IR bands of streptavidin in the 1400-1700 cm"' range interfere with bands of 
chemisorbed biotin in the same region. This overlap prevents quantification of the 
change m intensity of biotin IR modes after streptavidin adsorption. The band at 
-1242 cm"' (Fig. 6.8 spectrum a) is outside of this region and is therefore selected to 
track changes in the biotinylated surface upon protein attachment and rmse. The band 
at -1242 cm has been cited as a vibrational mode of a cyclic urea and the part of 
ureido ring is a carbonyl [26]. The presence of negative bands at -1242 cm"' in SflMW 
sample and 1216 cm"' in flat silicon samples which is due to NHS C-N-C stretching 
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mode (Fig. 6.9 a and b) suggest that a change in the biotinylated surface results m 
adsorption of streptavidin [7]. 
XPS studies 
XPS survey spectra are recorded for SiNW and flat silicon surface (Fig 6 10) after 
streptavidin attachment XPS analysis of streptavidin attached silicon surfaces can 
provide chemical detail on the type and degree of transformation of the surface Fig. 
6.10 shows the XPS survey spectra of carbon (Cls), oxygen (01s), nitrogen (Nls) 
and silicon (Si 2s, 2p) whh intensities depending on the degree of protein attachment. 
Only a very small peak of Nls is detected on surface flat silicon surface as compared 
to SiNW. It is obvious that the increased nitrogen content in SiNW is due to the 
enhanced immobilization of the protein. A Si2p peak is observed on streptavidin 
treated flat silicon surface and disappears from SiNW surface upon streptavidin 
attachment due to complete surface coverage which is a proof of more protein 
adsorption [30]. Table 1 shows the percentage elemental composition present after 
streptavidin attachment. 
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after streptavidin attachment 
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Figure 6.11 C (Is) core level XPS spectra of (a) flat silicon and (h) SiNW after 
streptavidin attachment 
Figure 6.11 (a and b) shows the C (Is) core-level XPS spectra for flat silicon 
and silicon nanowire upon streptavidin attachment. Here, the flat silicon surface 
exhibits lower C content as compared to streptavidin-treated SiNW which can be 
attributed to an increase in C- and N- like species. The enhancement of the carbon 
content is due to the immobilisation of the protein which is higher for SiNW due to its 
vast surface area as compared to the corresponding flat silicon surface. 
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Figure 6.12 A'^  (Is) core level XPS spectra of (a) flat silicon and (b) SiNW after 
streptavidin attachment 
N (Is) core level XPS spectra (Figure 6.12 a and b), the peak position at 399.0 eV 
for both flat and SiNW, and upon streptavidin attachment clearly shows the presence 
of nitrogen species. However, increment in N (Is) XPS signal upon streptavidin 
attachment is appreciable for SiNW as compared to flat silicon surface possibly 
owing to higher rate of adsorption for the former as compared to the later. The 
increase in the width of the N (Is) XPS core-level spectrum of streptavidin treated 
SiNW is also observed [31]. 
SUMMARY 
Silicon nanowires have been utilized for the protein immobilization to demonstrate its 
biological selectivity and specificity. In the present study, APTS modified flat and 
nanostructured SiNW show streptavidin-biotin interaction. The binding capacity and 
efficiency of streptavidin on biotinylated surfaces were experimentally measured b} 
the use of FTIR and XPS. SiNW showed the enhanced protein attachment, as 
compared to flat silicon surface due to its large surface area and good molecular 
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penetration to its surface. The methodology developed herein; could be generalized to 
a wide range of protein-ligand interactions are relatively easy to conjugate biotin with 
diverse biomolecules such as antibodies, enzymes, peptides and nucleotides. 
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CHAPTER 5 
PART A 
ENHANCED DNA HYBRIDIZATION ON NANOSTRUCTURED POROUS 
SILICON SURFACE 
INTRODUCTION 
The technological advances of the recent years in the genomic sequencing of many 
species have given a great impetus to the development of sensors for DNA 
diagnostics, forensic medicine and biowarfare. The recent advances have impacted 
three main areas of analytical tools: DNA biosensors, gene chips and miniaturized 
analyzers ("lab-on-a chip") [1,2]. High-density oligonucleotide arrays have emerged 
as a powerful and promising tool for genetic analysis with a lower cost, higher 
throughput and reproducibility. The so-called DNA chips or microarrays, have 
numerous applications in the studies related with gene expression or sequencing by 
hybridization. The specificity in the base pairing of DNA allows the identification of 
genetic mutations, pathogens and the quantification of gene expression levels in 
disease states. The key issue in any of these applications is to transduce the 
hybridization event into a useful signal with enhanced sensitivity, selectivity and 
speed. Commonly, optical [4], mechanical [5] and electrochemical [6] transduction 
have been used for detection. The DNA based sensor is usually functionalized with a 
probe that consists of a specific sequence of oligonucleotide. When the 
complementary oligonucleotide sequence binds to the probe, the hybridization is 
detected either by an optically active molecule (e.g., fluorescence indicator) or a 
change in resonance frequency or an electroactive reporter. 
Several methods for the covalent attachment of oligonucleotides to 
functionalised solid support have been reported. The procedures to make 
functionalized substrates are well established and have developed on glass [7-9]. 
oxidized silicon [10], silicon wafers [11], gold surfaces [12], filter membranes [13], 
optical fibers [14], polyacrylamide gel pads [15] and plastic (organic) polymers, and 
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other alternatives solid supports for making DNA microarrays [16]. 
Silicon which is routinely used in microfabrication and for mass production of 
integrated circuit devices, is ideal for the fabrication of optical [17] and field effect 
transistor based [18] biosensors. The modification of silicon to form the 
biorecognition interface is carried out via silane chemistry on the oxidized silicon 
surface. Silicon, in both bulk crystalline and nanostructured forms, has emerged as an 
interesting platform for tissue engineering [19], cell culture [20], and for interfacing 
cells with electronic devices [21]. The porous form of silicon shows significantly 
improved mammalian cell adhesion and viability [22], and improved implant stability 
in whole organisms [23] in comparison to flat crystalline silicon. The ability to tune 
both nanostructure and surface chemistry of electrochemically prepared porous 
silicon provides a means to adjust these parameters for successful DNA attachment 
and subsequent hybridization. Indeed, much research is underway to take advantage 
of the tunable porous nature of the material for controlled drug release [24] and the 
material is being assessed in clinical studies [25]. The ability of this nanostructured 
material to detect chemicals [26], biomolecules [27], enzymatic activity [28] and cells 
[29, 30] presents the possibility that porous silicon may play a role in in vitro sensing 
or in vivo diagnostic devices. 
Porous silicon (PS) substrate has high surface area that can be prepared to 
have large variety of pore morphologies by chemical or electrochemical etching 
processes [31-33]. The hydride terminated freshly etched porous silicon surface can 
be modified by a number of methods such as oxidation, halogenation, nucleophilic 
substitution and hydrosilylation [34, 35]. Once oxidized, the porous silicon surface 
can be further funcfionalized using commonly used well established silane chemistry. 
Also, because of its unique electrical and optical properties, porous silicon has been 
used as the matrix and signal transducer in variety of biosensing applications [36-38], 
In the present work, the immobilization of single stranded DNA and its 
hybridization on APTS modified silicon surface has been demonstrated. To show the 
enhanced DNA binding and hybridization on modified PS surface as compared to fiat 
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silicon surface, the same protocol for DNA attachment was followed for both the 
cases where DNA is labelled with "''P^ " and the surface probe concentration was 
detected using phosphoimager. The efficient adsorption of DNA on the flat silicon 
surface and porous silicon layer and the subsequent hybridization is confirmed using 
fourier transform infrared spectroscopy (FTIR) and X-ray photoelectron spectroscopy 
(XPS). The high fidelity of these nanostructured surfaces promises substantial benefit 
to the emerging technology of large-scale biological analysis using nucleic acid 
arrays. 
METHODOLOGY 
Porous silicon formation 
Details of formation of porous silicon are given in Chapter 1 Part A (page no. 42-44). 
PS which is generally hydride-terminated was treated with SC2 to obtain a hydroxyl-
terminated surface. 
Chemical modification of silicon surfaces 
The description of silanization process used for both flat silicon and PS surface has 
been given in Chapter 2 (page no. 79). The APTS functionalized flat silicon and PS 
samples were immersed in a solution of glutaraldehyde (2,5%,/?H 7) which was used 
as a cross linker. The wafers were kept in the solution for 1 hr at room temperature. 
Subsequently, the samples were rinsed with DI water in order to remove any unbound 
glutaraldehyde. 
DNA immobilization and hybridization 
The sequence of the probes used for hybridization is shown in Table 1. The aldehyde 
terminated flat as well as PS samples were incubated with unlabelled amine-
terminated oligo 1 (30 ngiil"') for 1 hr and then rinsed with IX PBS. Oligo 2 (jlngfil" 
1) and oligo 3 (31.2 ng^rf') were labelled by ^P" (BRIT, India) by PNK method (41). 
The immobilized oligo 1 was incubated with labeled oligo 2 and oligo 3 for 
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hybridization at 65° C for 10 min. and ramping was done for about 1 hr. For control 
sample, unlabelled oligo 1 was hybridized with unlabelled complementary oligo 2. 
The samples were thoroughly rinsed with IX PBS and then analysed using 
phosphoimager and quantification of the attached oligos on silicon surfaces was done 
by Nanodrop. 
Table 1. Probe sequence used for hybridization 
Deoxyribonucleotide 
Oligo 1 
Oligo 2 (complementary to 
oligo 1) 
01igo3(non complementary 
to oligo 1) 
Sequence 
5' NH2-TTC AA GAC TCC TCC OCT GAC 3' (20 
mers) 
3' AAGTTCTGAGGAGGCGACTG 5' (19 mers) 
5'-AAT GTG CTC CCC CAA CTC CTC-3' (21 
mers) 
Sample characterization 
Samples were characterized using X-ray photoelectron spectroscopy (XPS), fourier 
transform infrared spectroscopy (FTIR), phosphoimager to detect the fluorescent 
signals and nanodrop technique as described earlier. 
RESULTS AND DISCUSSION 
Nanoporous silicon is a unique matrice for biomolecule immobilization compared to 
flat silicon surface or other conventional materials due to its large surface area and 
open pore structure that allow high biomolecule loadings and free access of the 
analytes. The formation process of PS is complex, that depends on many factors. The 
properties of PS such as porosity, thickness, pore diameter and microstructure depend 
on the anodization conditions. These conditions include HF concentration, current 
density, wafer type and resistivity, anodization duration, illumination (in case of n-
type), temperature, ambient humidity, and drying conditions [42]. 
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In the present study PS film formed after anodization at 50 mAcm"^  attain the pore 
size ~ 50-60 nm as evident from SEM studies reported elsewhere [43]. The 
electrochemical etching procedure of silicon wafer was optimized in order to obtain 
porous silicon layers with pore diameters between 7.5 nm (the approximate diameter 
of a 21-mer double stranded DNA sequence) and 50 nm which coincide with the size 
of the oligonucleotides to ensure DNA stability inside the PS layer [44]. 
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Scheme 1 DNA binding and hybridization on modified silicon surfaces 
Scheme 1 shows the DNA binding and hybridization on APTS-modified flat and 
nanostructured porous silicon surfaces. Freshly prepared PS with SiHx terminated 
surface and flat silicon surface substrates are treated with SC2 to obtain hydroxyl-
terminated surfaces. Initially, these hydroxyl-terminated oxidized surfaces are 
silanized with APTS in toluene to attach primary amines on the surface (a); secondly, 
when these amine-terminated surfaces treated with a cross-linker glutaraldehyde 
amine group of APTS binds with one of the aldehyde group of glutaraldehyde (b); the 
NH2-DNA probes are subsequently reacted with the other aldehyde terminal of the 
cross-linker, establishing a covalent bond between the surface and the oligonucleotide 
probe (c); labelled complementary (d) and labelled non-complementary DNA (e) 
hybridizes with the probe DNA on both modified silicon surfaces. 
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IR analysis 
FTIR spectra (Fig.7.1 and Fig.7. 2) demonstrate the characteristics of the single 
stranded DNA (oligol) and hybridized DNA molecule for both, flat and nanoporous 
silicon surfaces. In Fig. 7.1 (a) for oligo 1 binding on flat silicon surface indicates the 
appearance of both asymmetric CH2 and CH3 stretching at -2920-2965 cm"', 
respectively. In plane nucleic base, vibrations are the features observed in the spectra 
at ~1720 and 1632 cm"' [stretching modes (C= O) of the nucleic bases and amide 
groups, respectively (C=C) and (C=N) of the rings] and the in plane ring vibrations 
are observed at -1530 (ip ring, ip imidazole, pyrimidine ring vibration, respectively). 
The presence of these absorption bands indicates that most of the rings have a tilted 
orientation with respect to the surface thus allowing the dipole moments to be active 
[45, 46]. IR spectrum after hybridization with complementary DNA (oligo 2) on flat 
silicon surface is shown in Fig. 7.1 (b). The region from 2800-3000 cm"' corresponds 
to the CHx stretching modes. There is an appearance of both asymmetric and 
symmetric CH2 stretching modes at -2942 and 2832 cm"', respectively. Also an 
increase of the intensity of these bands observed with slight shift of the asymmetric 
and symmetric stretches observed towards lower wave-numbers might be similar to 
the previous study of the adsorbed DNA molecules after hybridization. The region 
from 1800 to 1500 cm"' corresponds to the in-plane double bond vibrations of the 
DNA bases; the absorptions in this region are sensitive to base-pairing and stacking 
effects. Peaks at -1635 cm"' (C=0 stretch) and 1539 cm"' (NH deformation) are 
observed for amide 1 and amide II, respectively. A small shift in the infrared 
frequencies of the nucleic bases of hybridized DNA as compared to single stranded 
DNA (oligo 1) is observed (stretching modes [C=0) of the nucleic bases and amide 
group respectively (C=C) and (C= N) of the rings] which could be related to the base 
pairing during hybridization. 
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Figure 7.1 FTIR spectra of (a) single stranded DNA (oligo 1) and (b) DNA 
hybridization with complementary (oligo 2) on flat silicon surface 
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Figure 7.2 IR spectra of (a) single stranded DNA (oligo 1) and (b) DNA 
hybridization with complementary (oligo 2) on porous silicon surface 
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The region from 1500 to 1300 cm~' is related to the base deformation motions 
coupled through the glycosidic linkage to sugar vibrations (base-sugar coupling 
entities). The appearance of new peaks at -1445 and 1330 cm"' are related to sugar 
vibrations. The band at 1445 cm"' assigned to purine imidazolic ring vibrations. Peak 
appears at 1330 cm"' is due to the glycosidic bond in the nucleoside. An 
antisymmetric phosphate stretching band in the Z-form appears at 1218 cm"' [47] and 
infrared band at -1180 cm"* can be identified related to the deoxyribose presence 
arising from sugar-phosphate backbone vibrations [46]. 
The infrared spectra of single stranded DNA (oligo 1) and hybridized DNA on PS 
also shows some enhanced features and also the characteristic bands of DNA 
molecular groups as compared to flat silicon surface. Figure 2 (a) shows the IR 
spectrum of oligo 1 immobilized on the PS layer, in which the guanine bases show 
their characteristic absorption peaks at -1719, 1635 and 1535 cm'' characteristic of 
the vibration of C=0 bond [48] and NH2 bending modes of guanine [49]. The both 
asymmetric and symmetric CH2 stretching modes are appeared at ~2922 cm"' and 
2864 cm"', respectively. 
Spectrum of the PS after hybridization of oligo 1 with oligo 2 displays the 
characteristic bands of the G-C and A-T pairs (Fig. 7.2 b). Peaks appears at -1736, 
1647 and 1520 cm'' arise from the NH2 and N-H bending and carbonyl stretching of 
the G-C base pair. Sugar related vibration is present at 1321 cm"' due to glycosidic 
bond adenosines [44]. The band at -1465 cm"' assigned to purine imidazolic ring 
vibrations. A broad peak around -3054-3152 cm"' indicates the N-H stretching 
vibration of amide bond. A comparison of these bands with the vibrational bands of 
the individual oligonucleotides indicates that a rearrangement of the bonding after 
hybridization takes place. These results clearly confirm the selectivity and efficiency 
of the hybridization reaction on the porous silicon layers. Also, an enhancement of 
the intensity of the IR bands is shown which is an unambiguous indication of the 
nucleic bases DNA contribution. 
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XPS studies 
With a view to elucidate the composition of DNA molecule attached, the valence 
states of various element present and to determine the level of attachment of DNA on 
modified flat and nanoporous Si surfaces XPS experiments were performed. XPS 
survey spectra recorded for flat silicon surface and PS after DNA hybridization (oligo 
1 and oligo 2) with complementary probe is shown in Fig. 7.3. The main signals for 
expected elements are Carbon (Cls), Oxygen (01s), Nitrogen (Nls) and Silicon (Si 
2s, 2p). From Fig. 3a, it is evident that the signal intensity of C (Is) peak of 
hybridized DNA is higher for flat Si surface than that of nanoporous surface while 
increased N (Is) signals are obtained in case of PS sample, Fig.7.3 (b). Table 2 shows 
the percentage elemental composition after hybridization of oligo 1 with oligo 2. 
Table 2 Elemental composition after hybridization 
Elements 
Carbon 
Oxygen 
Silicon 
Nitrogen 
Flat Silicon 
66.7 
20.4 
9.2 
4.7 
Porous Silicon 
56.2 
17.1 
17.4 
9.2 
.50 
200 400 
Binding Energy (eV) 
600 
Figure 7.3 XPS siiiyev spectra of the silicon surfaces after DNA hybridization (a) 
Flat surface and (h) porous silicon 
To identify the different types of covalent bond formation and quantify the 
nitrogen and carbon contributions after hybridization on both silicon surfaces, a 
detailed deconvolution analysis of the C (Is) and N (Is) core-level spectra were 
performed. C (Is) core level spectra for flat silicon and PS surfaces are shown in Fig. 
7. 4 and Fig. 7. 5. The deconvolution of C (Is) spectra revealed that it consist of three 
peaks in both the cases. The peak at 284.7 eV appeared due the presence of 
hydrocarbon moieties on flat silicon surface, is much higher ~ 56% as compared to 
PS surface (38.5%) (Fig. 7.4a and Fig. 7.5a), Cls spectra showed a second 
component consisting of contributions from C-N and C-0 at 286.1 and 285 8 eV for 
flat silicon (Fig. 7 4b) and PS film (Fig. 7.5b), respectively. At the same time, a new 
species appeared in the Cls spectnim (Fig. 7.4c and Fig. 7.5c) which can be attributed 
to highly oxygenated carbon species (C=0, 0-C-O) Table 3 explains the binding 
energies and percentage area of the deconvo luted C (Is) core level peak for different 
chemical states of carbon involved in the DNA hybridization. 
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Table 3 Binding energies and percentage area of C (Is) core level spectra of after 
hybridization 
Species 
Hydrocarbon 
C-N, C-0 
C=0, 0-C-O 
PS Surface 
Binding 
Energy 
(eV) 
284.7 
285.8 
287.8 
FWH 
M 
1.8 
2 
2 
% 
composition 
38 
47 
13 
Flat Silicon Surface 
Binding 
Energy 
(eV) 
284.7 
286.1 
288.1 
FWHM 
2 
2 
2 
% 
composition 
56.7 
35 
8.3 
2500 
280 282 284 286 288 290 292 
Binding Biergy(eV) 
Figure 7.4 XPS core level spectra ofC (Is) after DMA hybridization on flat silicon 
surface 
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Figure 7.5 XPS core level spectra of C (Is) after DNA hybridization on porous 
silicon surface 
The N (Is) peakfit has been performed by using three curve components, 
which are sJiaped as a convolution of Gaussian curve. Fitting of N (Is) spectra 
revealed the occurrence of several species (Fig. 7 6 and Fig. 7.7) and higher nitrogen 
content in PS The nitrogen component with tiie lowest binding energy, 399.1 eV, in 
Fig. 7.6(a) and Fig. 7.7(a) are assigned to unsaturated chemical bonds (-N=). Fig. 6(b) 
and Fig 7 (b) spectra show that the nitrogen (-NH-) contribution from amide group 
and nucleic bases rings. Peaks at 401.8 and 401.9 eV (Fig. 7.6c and Fig. 7.7c), 
respectively) correspond to -NH2 nitrogen from cysteine and nucleic base rings. N 
(Is) spectrum of PS shows a shifts towards higher binding energies with respect to 
that of flat silicon as shown in Table 4. Previous XPS experiments performed for 
different amides have shown that the N (Is) asymmetric signals could be 
deconvoluted into two peaks due to the coexistence of free and hydrogen bonded 
species. Thus, when the amide was protonated a chemical shift of the N (Is) signal to 
higher binding energies was observed due to the increase of the net positive charge at 
the nitrogen atom [50] as observed in PS sample. The shift of the N (Is) peak to 
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higher energy values is indeed related to the hybridization and, therefore, a good 
corroboration of the process [46]. 
Table 4 N (Is) core level peak for different chemical states of nitrogen after 
hybridization 
Species 
-N= 
-NH-
NH, 
Flat Si Surface 
Binding 
Energy 
(eV) 
399,10 
400.32 
401.80 
FWHM 
1.8 
1.7 
1.7 
% 
composition 
56 
27 
15 
PS Surface 
Binding 
Energy 
(eV) 
399.11 
400.47 
401.91 
FWHM 
1.8 
18 
1.8 
0/ 
/o 
composition 
45 
39 
15 
Bnding Energy (eV) 
Figure 7.6 XPS core level spectra of N (Is) after DNA hybridization on flat silicon 
surface 
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too 
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Binding Energy (eV) 
Figure 7.7 .\7'.S' core level spectra of N (Is) after DNA hybridization on porous 
silicon 
Phosphoimager and nanodrop analysis 
To achieve hybridization (i.e., specificity) and surface effect (i.e., signal intensity), 
two types of labeled DNA sequences oligo 2 (complementary) and oligo 3 (non-
complementary, shown in Table 1) were used for modified flat silicon and PS film. 
As fluorescence measurements are not quantitative, ^P^^  labelling is used to compare 
the two substrates. Fig. 7.8 shows the fluorescent signal obtained after hybridization 
of oligo 1 with labelled oligo 2 (complementary) Fig. 7.8 (a) and oligo 3 (non-
con^lementary) Fig. 7.8 (a) on flat silicon surface. The signal obtained in Fig. 7. 8(a) 
with oligo 3 is because of its background noise which is similar to control sample. 
(a) (b) (c) 
Figure 7.8 DNA hybridization on flat silicon surface with ^P^^ labelled (a) 
complementary (b) non- complementary DNA and (c) control sample 
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The PS substrate shows hybridization areas with more intense fluorescence as 
compared to flat silicon surface whereas the radioactive measurements detect 
homogeneous areas as shown in Fig. 7.9 (a). The fact that the signal is higher for the 
porous substrate is thus a substrate effect due solely to its large specific surface and 
good molecular diffusion into its pores. Fig. 7.9 (b) explicit that porous surface also 
shows the specificity for DNA binding as labelled non complementary oligo 3 gives 
only background noise and no hybridization takes place with oligo 3. 
(a) (b) 
Figure 7.9 DNA hybridization on PS surface with ^P^" labelled (a) complementary 
and (b) non complementary DNA 
Figure 7.10 explains the binding of oligo 1 and its hybridization with 
complementary oligo 2 probe on functionalised flat and PS surface. It was observed 
that 10.5 and 25.4 ng|4.r' of oligo 1 was bound to the flat and PS surfaces, 
respectively. After hybridization with complementary oligo 2, it was found that 5.8 
and 24.1 ngjal"' of hybridized DNA attached to the flat and PS surface, respectively. 
More than 70% of DNA hybridization was achieved on the porous silicon surface in 
comparison to less than 20% of DNA hybridization on flat silicon surface. The above 
resuhs support the enhanced single stranded DNA binding and also, its hybridization 
on nanostructured PS as compared to the flat silicon surface. 
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80 
S ' 60 
Oligo 1 
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Oligo 1 
Hybridized DNA { ^ | 
Silicon surfaces 
Figure 7.10 Nanodrop analysis for DNA concentration attached to silicon 
surfaces 
SUMMARY 
Silicon substrate has been used for the oUgodeoxynucleotide immobilization and 
hybridization to demonstrate its biological selectivity/specificity. Present study shows 
that DNA oligonucleotides on flat and nanostructured porous silicon surfaces 
hybridized with the complementary probe attached to thetlat and PS surfaces. 
However, PS surface exhibited the enhanced fluorescence intensity as coinpared to 
flat silicon surface due to its large surface area and good molecular penetration into 
its pores. Both silicon surfaces have been characterised by FTIR, XPS and Nanodrop, 
support the enhanced DNA binding and hybridization on PS film. The results of this 
study reveal that controlled porous silicon layers are very good substrates for the 
absorption, stabilization and detection of DNA sequences. Based on these results it is 
concluded that porous silicon can be successfully employed for the development of 
DNA microarrays and microfabricated DNA sensors. 
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PARTE 
DNA HYBRIDIZATION ON SILICON NANOWIRES 
INTRODUCTION 
Nano-scale bioelectronic devices have been demonstrated to possess unique 
characteristics for ultrasensitive, miniaturized molecular sensing applications. The 
sensing mechanism of semiconductor nanostructures, such as carbon nanotubes [1-3], 
silicon nanowires [4, 5], SnOa nanowires [6] and InaOs nanowires [7] is generally 
believed to be related to change of surface charge of nanostructures in presence or 
absence of analyte species [8]. Nanowire-based detection strategies provide 
promising new routes to bioanalysis that could one day revolutionize the healthcare 
industry. Nanowires show promise in a number of different sensing strategies, 
including optical [9], electrical [10], electrochemical [11], and mass-based [12] 
approaches. They are attractive because of their small size, high surface-to-volume 
ratios, and/or electronic, optical and magnetic properties which can differ markedly 
from those observed for bulk or thin film materials as the nanowire cross-sectional 
diameter decreases [13]. 
Silicon nanowires (SiNWs) are particularly attractive because of the well 
known semiconducting properties of silicon. Silicon nanowires (SiNWs) have been 
proven to be highly sensitive and selective sensors for nucleic acids [14-18] proteins 
[5, 19, 20], virus [21] and cells [20, 22]. SiNW surface is in nature covered with a 
native oxide grown in air. The native silicon oxide coating on the SiNW surface is an 
effective layer in most cases which can usually be functionalized with bioaffmitive 
moiety. A number of SiNW biosensors are based on the functionalizalion of the 
SiNW with the above-mentioned native oxide [5, 14, 15, 17, 19, 21-23]. 
DNA sensing strategies have recently been varieted with the number of 
attempts at the development of different biosensor devices based on nanomaterials. 
which will further become DNA microchip systems. DNA hybridization is a process 
in which probe with specific organization of nucleotide bases exhibiting 
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complementary pairing with each other under specific given reaction conditions, thus 
forms a stable duplex molecule. This phenomenon is possible because of the 
biochemical property of base pairing, which allows fragments of known sequences to 
find complementary matching sequences in an unknown DNA sample [24]. An 
increasing interest have appeared in the development of simple, rapid and user-
friendly electrochemical detection systems based on DNA sequence and mutant gene 
analysis, for instance early and precise diagnosis of infectious agents, for routine 
clinical tests [25-31], Thus, DNA hybridization biosensors can be employed for 
determining early diagnoses of infectious agents in various environments [32, 33] and 
these devices can be exploited for monitoring sequence-specific hybridization. 
DNA biosensors are attractive devices especially for converting DNA 
hybridization event into an analytical signal for obtaining sequence-specific 
information in connection with clinical, environmental or forensic investigations. 
Such fast on-site monitoring schemes are required for quick preventive action and 
early diagnosis [34]. 
METHODOLGY 
Silicon nanowire (SiNW) formation 
Details pertaining to growth of silicon nanowire have been given in Chapter 1 Part B 
(page no. 69-71). 
Chemical modification of silicon surface 
The description of silanization process used is similar as given in Chapter 2 (page no. 
79) and procedure for glutaraldehyde treatment and DNA hybridization is explianed 
in Chapter 5 Part A (page no. 144-145). 
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Sample characterization 
X-ray photoelectron spectroscopy (XPS), fourier transform infrared spectroscopy 
(FTIR), phosphoimager and nanodrop techniques are used for sample characterization 
details of these have been described earlier. 
RESULTS AND DISCUSSION 
Nanowires are defmed as metallic or semiconducting particles having a high aspect 
ratio with cross-sectional diameters « 1 ^m and lengths as long as tens of microns. 
Systematic SEM of SiNWs array is shown in Chapter 1 (page 71-72) SEM studies 
reveal that SiNWs are smooth and uniform with an average diameter of-100-300 nm 
and average length of-1-1.15 i^m [32]. Optical photograph shows that silicon sample 
with SiNW arrays surface looks black in color after Ag removal whereas polished 
silicon wafer looks grey in color (Fig. 7.11) 
(a) (b) 
Figure 7.11 Optical images of SiNWs (a) and (b) polished Si wafer 
IR analysis 
The Fig. 7.12 (a) shows the IR spectra of APTS fiinctionalized PS. The IR absorption 
bands are observed at approximately 1551 cm"\ assigned to the NH2 scissoring 
vibration of APTS amine groups, 1450 cm"' assigned to the symmetric NH^* 
deformation mode [24]. The 900-1290 cm"' spectral region involves the Si-O-Si 
stretching modes, including those created by attachment of APTS to the oxide surface 
[37]. The presence of CHx stretching mode is observed between 2824 and 2858 cm"': 
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the CH2 asymmetric and symmetric stretching modes are observed at 2858 and 2824 
cm"', respectively [37, 38]. The spectrum of the surface obtained following exposure 
of the APTS layer to a glutaraldehyde solution (Fig.7.12 b) contains a band at 1736 
cm" assigned to the C^O stretching vibration of the aldehyde groups of 
glutaraldehyde, A relatively weaker band is also present at 1641 cm'' and can be 
assigned to the imine bond resulting from the reaction between the amine groups of 
APTS and the aldehyde groups of glutaraldehyde [39]. 
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Figure 7.12 FTIR spectra of SiNW surface obtained by sequential exposure to (a) 3-
APTS and (b) glutaraldehyde 
FTIR spectra (Fig. 7.13) demonstrate the characteristics of the single 
stranded DNA (oligol) and hybridized DNA molecule. Figure 7.13 (a) for oligo 1 
binding on silicon nanowire surface indicates the appearance of both, symmetric and 
asymmetric CH2 stretching at -2865-2940 cm~', respectively [36]. The broad peaks 
at -1728, 1643 and -1551 cm-' are mainly due to the C=0, C=C, C=N stretching 
vibration modes [40, 41] and NH2 bending of the DNA bases [42-46]. In Fig. 7.13 (b) 
the spectrum after hybridization of oligo 1 with oligo 2 shows some enhanced 
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features and also the characteristic bands of DNA molecular groups. The region from 
2800-3000 cm"' corresponds to the CHx stretching modes and it indicates the 
appearances of both asymmetric and symmetric CH2 stretching modes at -2933 and 
2874 cm~ , respectively. Also, an increase of the intensity of these bands is observed. 
The region from 1800 cm ' to 1500 cm corresponds to the double bond vibrations 
of the DNA bases. The absorptions in this region are sensitive to base-pairing and 
stacking effects. Peaks at ~1650 cm"' (C=0 stretch) and 1559 cm"' (NH deformation) 
are observed for amide 1 and amide II, respectively. A small shift in the infrared 
frequencies of the nucleic bases of hybridized DNA as compared to single stranded 
DNA (oligo 1) are observed stretching modes (C=0) of the nucleic bases and amide 
group, respectively (C=C) and (C= N) of the rings, which could be related to the base 
pairing during hybridization. The region from 1500 to 1300 cm"' is related to the base 
deformation motions coupled through the glycosidic linkage to sugar vibrations 
(base-sugar coupling entities). The appearance of new peaks at -1478 cm"' and 1323 
cm"', are related to sugar vibrations. The band at 1478 cm"' is assigned to purine 
imidazolic ring vibrations. Appearance of peak at 1323 cm'' is due to the glycosidic 
bond in the nucleoside. An antisymmetric phosphate stretching band in the Z-form 
appears at 1230 cm"' [47]. IR bands of oligonucleotides indicate the rearrangements 
of the bonding after DNA hybridization on silicon nanowires. 
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Figure 7.13 IR spectra of (a) single stranded DNA (oligo 1) and (b) DMA 
hybridization with complementary (oligo 2) on modified SiNW surface 
XPS studies 
XPS is a highly sensitive diagnostic tool for the assessment of the chemical state of 
elements and degree of transformation of the surface after different chemical 
treatments. Figure 7.14 shows the general scan XPS survey spectra of carbon, 
oxygen, nitrogen, and silicon after silanization, glutaraldehyde treatment and DNA 
hybridization. Table 2 shows the percentage elemental composition present after 
chemical treatments and DNA hybridization. 
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Figure 7.14 XPS spectra of (a) APTS modified, (b) glutaraldehyde treated, and (c) 
DNA hybridized DNA SiNW surface 
Table 2 Atomic concentration of elements C, N, O and Si 
Element (%) 
Carbon 
Oxygen 
Silicon 
Nitrogen 
APTS modified 
SiNW 
45.9 
38.2 
12.1 
3.8 
Glutaraldehyde 
treated SiNW 
45.8 
41 
9.3 
3.9 
DNA hybridized 
SiNW 
52.5 
32.4 
5.7 
9.4 
To identify the different types of covalent bond formation and quantify the 
nitrogen and carbon contributions after surface fiinctionalisation and DNA 
hybridization on SiNW, a detailed deconvolution analyses of the C(ls) and N(ls) 
core-level spectra was performed Cls spectra of APTS modified SiNW surface show 
a hydrocarbon species (CI), due to adventitious contamination is much higher 
(-80%) as compared to glutaraldehyde treated and DNA hybridized samples (Fig. 
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7.15 b and c). A second carbon component (C2) consists of contributions from C-N 
and C-0 Different C2/N values (Table 4) revealed that a significant part of anchored 
3-APTS molecules still contained one ethoxy group during silanization, possibly 
because of the dry solvents used to perform silanization [48] After glutaraldehyde 
treatment a new carbon species (Ci) appeared in the Cls spectami (Fig.7 15 b) which 
can be attributed to highly oxygenated carbon species (C=0, 0-C-O) thus 
confirming reaction with glutaraldehyde [49] 
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Figure.7.15 C (Is) XPS spectra of (a) APTS modified (b) glutaraldehyde treated and 
(c) DNA hybridized SiNW surface 
Table 3 Binding energies and {%) area of the deconvohited C (Is) core level peak for 
different chemical states of carbon involved in the DNA hybridization 
Species 
APTS 
GA 
DNA 
CI (C-C,C-H)% 
Binding Energy (eV) 
80.2 (284.4) 
66 (284.6) 
56 (284.6) 
C2 (C-N,C-0)% 
Binding Energy (eV) 
19.8(285.5) 
24 (285.6) 
34(285.8) 
C3 (C=0,0-C-0)% 
Binding Energy (eV) 
-
9 (286.6) 
12 (287.6) 
The XPS data indicate that the surface of SiNW modified by silanization is 
covered with carbon and nitrogen compounds. Appearance of the Nls signal was the 
evidence that the first step silanized the substrate anchoring NH2 groups to the surface 
(Fig.7.12 a). The average thickness of the silane films was calculated from the 
attenuation of Si2p (as already done for APTS films [50, 51] using formula hi/ fsi = 
exp (-d/ A.^ '^ s^i ), where Isi / A , is the Si2p intensity ratio for silylated and blank 
substrates, respectively, d is the film thickness, and X'^ ^^si is the attenuation length. 
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assumed to be equal to 43 A [52] (density for APTS=0.946 g cm ^ [54]). d was found 
to be equal to 17 A (1.7 nm) which corresponds on average to a monolayer [49, 50]. 
The N (Is) peakfit has been performed by using three curve components, 
which are shaped as a convolution of Gaussian curve. Fitting of N (Is) spectra 
revealed the occurrence of several species (Fig.7.16) and higher nitrogen content in 
DNA hybridized SiNW. The nitrogen component with the lowest binding energy, 
-399.1 eV, in Fig.7.16 (Nl) are assigned to unsaturated chemical bonds (-N=). Figure 
7.16 CN2) spectra show the nitrogen (-NH-) contribution from amide group and 
nucleic bases rings. Peaks at ~ 401.9 eV (N3) correspond to -NH2 nitrogen from 
cysteine and nucleic base rings. N (Is) spectrum of NA hybridized SiNW shows a 
shifts towards higher binding energies with respect to that of APTS and 
glutaraldehyde treated SiNW surface as shown in Table 5. Previous XPS experiments 
performed for different amides showed that the N (Is) asymmetric signals could be 
deconvoluted into two peaks due to the coexistence of free and hydrogen bonded 
species. Thus, when the amide was protonated, a chemical shift of the N (Is) signal to 
higher binding energies was observed due to the increase of the net positive charge at 
the nitrogen atom [54] as observed in PS sample. The shift of the N (1 s) peak to 
higher energy value is indeed related to the hybridization and, therefore, a good 
corroboration of the process [44]. 
Table 4 (%) area of the deconvoluted C(ls) and N (Is) core level for different 
chemical states involved in the DNA hybridization 
Species 
APTS 
GA 
DNA 
C/N 
12 
11.7 
5.6 
C2/N 
5.2 
6.1 
3.6 
C3/N 
-
2.3 
1.2 
N/Si 
0.25 
0.41 
1.6 
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Figure 7.16 N (Is) core level XPS spectra of (a) APIS modified (b) glutaraldehyde 
treated and (c) DNA hybridized SiNW surface 
Table 5 Deconvolution of N (Is) spectra after surface modification and DNA 
hybridization 
Species 
APIS 
GA 
DNA 
Nl (-N=) % 
Binding Energy (eV) 
83.7 (399.1) 
69.5 (399.4) 
47(399.1) 
N2 (-NH-) % 
Binding Energy (eV) 
16.3 (400.1) 
22.2 (400.2) 
37 (400.3) 
N3 (NH2)% 
Binding Energy (eV) 
-
8.3(401.1) 
16(401.9) 
Phosphoimager and nanodrop analysis 
To achieve hybridization (i.e., specificity) and surface effect (i.e., signal intensity), 
two types of labeled DNA sequences oligo 2 (complementary) and oligo 3 (non-
complementary, shown in Table 1) were used for modified SiNW. Fig.7.17 shows the 
fluorescent signal obtained for control sample and after hybridization of oligo 1 with 
labelled oligo 3 (non-complementary) Fig.7.17 (b) and oligo 2 (complementary) 
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Fig.7.17 (c). The SiNW substrate shows hybridization areas with more intense 
fluorescence with complementary sequence as compared to non-complementary. The 
fact that the signal is higher for the complementary sequence is due to its large 
specific surface and good molecular attachment. Fig.7.17 (c) explicits that SiNW 
surface also shows the specificity for DNA binding as labelled non complementary 
oligo 3 gives only background noise and no hybridization takes place with oligo 3. 
(a) (b) (c) 
Figure 7.17 DNA hybridization on SiNW surface (a) conlrol (b) ^P^^ labelled non-
complementary and (c) complementary DNA. 
Figure 7.18 explains the binding of oligo 1 (30 ngiaf') and its hybridization 
with complementary oligo 2 (31 ngjif') and oligo 3 probes (31.2 ngiil"') on 
functionalised SiNW surface. It is observed that 27 ngjil'' of oligo 1 binds to the 
SiNW surface. After hybridization with complementary oligo 2 and non-
complementary oligo 3 the concentration of hybridized DNA was 25.7 and 3.2 ngj^f', 
respectively. More than 80% of DNA binding was achieved with complementary 
oligo in comparison to less than 12 % of DNA binding with non-complementary 
oligo. The above results support the enhanced single stranded DNA binding and also 
its hybridization on modified SiNW. 
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SUMMARY 
Silicon nanowire has been used for the DNA immobiUzation and hybridization to 
demonstrate its biological selectivity/specificity. Present study shows that 
hybridization of DNA oligonucleotides on nanostructured SiNW surface by 
complementary oligo with probe attached to the surface showed the enhanced 
fluorescence intensity, as compared to non-complementary oligo. SiNW after surface 
modification and hybridization have been characterized by FTIR, XPS, and nanodrop, 
support the enhanced DNA binding and hybridization on SiNW. The results of this 
study reveal that controlled SiNW is very good substrates for the absorption, 
stabilization and detection of DNA sequences. Based on these results it is concluded 
that SiNW can be successfully employed for the development of DNA microarrays 
and microfabricated DNA sensors. 
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Nanostructured porous silicon as functionalized material 
for biosensor application 
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Abstract In this work by means of PL, FTIR and XPS 
techniques, state-of-the-art porous silicon (PS) films with 
good mechanical and optical properties have been effec-
tively utilized for the biofunctionalization purpose for its 
possible application in immunosensors. The functionali-
zation of the PS surface has been achieved by silanization 
process using aminopropyltriethoxysilane (APTS) as a 
precursor. The presence of reactive amino groups on the PS 
surface along with glutaraldehyde as a linker aids in the 
covalent binding of the antibody (Human IgG) onto the PS 
surface. Different antigen concentration."; can be detected 
with a good reproducibility with this technique which 
opens a huge possibility of using this biofunctionalized 
material for future biosensors. 
1 Introduction 
Porous silicon (PS) can be used as smart transducer 
material in sensing application particularly in the detection 
of vapors, liquids and biochemical molecules [ l | . In fact, 
on exposure of chemical substances, several physical 
quantities such as refractive index, photoluminescence, and 
electrical conductivity change drastically [1, 2]. A key 
feature of a physical transducer, being sensitive to organic 
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and biological molecules, either in vapor or liquid state is a 
large surface area of the order of 200-500 m^ c m ^ \ thus 
ensuring an effective interaction with several adsorbates 
[3], Moreover, PS is available as a low cost material and is 
completely compatible with standard integrated circuit 
processes. Therefore, it could easily be employed in the so-
called smart sensors [4]. Furthermore, PS technology has 
shown great capability in detecting biological molecules 
with high selectivity, using specific linker agent and probe 
molecules [5]. For the biomedical applications of PS, 
biomolecules have to be first immobilized on its surface 
through functional groups deposited on it. The common 
approach is to create a covalent bond between the PS 
surface and the biomolecules which specifically recognize 
the target analytes [5]. The reliability of a biosensor 
strongly depends on the functionalization process depend-
ing on its fastness, simplicity, homogeneity and its 
repeatability [6]. It is well known that after anodizaiion, the 
fresh silicon surface is predominately hydride-terminated 
which is quite reactive and sensitive to oxidation [6]. Thus 
to increase the surface stability of PS, there is a need to 
functionalize the surface of PS by a suitable precursor. 
In this work, nanostructured PS's surface was biofunc-
tionalized by depositing on to its surface thin biocompatible 
films with a large density of amine groups, using 3-amino-
propyltriethoxysilane (AFTS) thermally. The choice of 
APTS as a functionalization materia! was based upon the fact 
that amine groups are present in proteins and their chemical 
interaction with other functional groups is well documented 
[2, 7]. The aim of the present study is to demonstrate the 
covalent bonding between organic molecules (immuno-
globulin) and modified inorganic surface (nanostructure PS) 
which can be used for the detection of protein signals. 
The biofunctionalized surface of PS was characterized by 
different techniques like photoluminescence (PL), X-ray 
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Fabrication and chemical surface modification of nanoporous silicon for 
biosensing applications 
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In this work, poroirs silicon (PS) films with varied porosity (68-82%) were 
formed on the ;>typc. boron-doped silicon wafer (100) by the clectrocheniical 
anodisalion in an aqueous hydrofluoric acid and isopropyl alcohol solution at 
different current densities (/j) ranging from 20 70 mA cm""", rcspcctivcK. 
Biofunctionalisation of the PS surt'ace was carried out by chemically m<idifying 
the surface of PS by the deposition of 3-aminopropyltricthoxysilanc thermalK 
leading to high density of amine groups covering the PS surface. This further 
promotes the immobilisation of immunoglobulin (human IgG and goal ami-
human IgCi binding) on to the PS surface. Formation of nanostructured PS and 
the atiachmcnl of antibody antigen to its surface were characterised using 
photohuninescence (PL). Fourier transform infrared spectroscopy and ,X-ray 
photoeleclron spectroscopy techniques, respectively. The possibility of using these 
structures as biosensors has been explored based on the significant changes in the 
PL spectra before and after exposing the PS optical structures to biomoleciiles. 
The.se experimental results open the possibility of developing optical biosensors 
based on the variation of the PL position of the PL spectra of PS-based devices. 
Keywords: porous silicon; immunoglobin; biosensors; AI'TS 
1. Introduction 
The biosensor technology of porous silicon (PS) has received much attention because: 
(i) the fabrication of the sensor can be integrated with the well-established silicon 
microfabrication technology and hence the sensor can be easily characterised with 
electrical measurement, (ii) the significantly increased surface interaction area can enhance 
the detection signal, in either Ouorcscence or eleclrical measurements, (iii) the 
characteristic photoluminescence (PL) of PS makes it a special functional material for 
biosensing, (iv) the mesoporous nanostructures of PS can reflect light and thus coupled 
biomoleculcs can be .sensed by optical reflectivity [14]. Thus PS-based biosensors can 
be of significant u.sc in medical, chemical, biotechnology, etc [5]. For the biomedical 
applications of PS. biomoleculcs have to be first immobilised on its surface through 
functional groups deposited on it. The common approach is to create a covalent bond 
between the PS surface and the biomoleculcs which specifically recognise the target 
analytes [.^ ,6]. The reliability of a biosensor strongly depends on the functionalisation 
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Porous Silicon Surfaces 
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Abstract. Nanostructiired porous silicon (PS) has a large surface area that can be well controlled and 
modified to have a high specificity for biomolecules. These properties make it a very promising biomaterial, 
in particular for sensing devices that need to be linked to the biological system and completely compatible 
with standard integrated circuit processes. We report the formation of nanostructiired PS on boron doped, p-
type silicon (100) wafers by electrochemical anodization, using aqueous hydrofluoric acid and isopropyl 
alcohol solutions and a constant current density 50 niA/cnr. The pore diameter can be tuned by var\ing the 
etching conditions. The interaction of streptavidin with biotin was studied on 3-aminopropyltriethoxysilane 
(APTES) fiinctionalized PS surfaces using infrared absorption spectro.scopy to characterize the surface iit 
each step, including subsequent reaction steps. These studies show that the sireptavidin-biotin interaction on 
modified PS surfaces depends on the details of tlie APTES adsorption process. 
INTRODUCTION 
Porous silicon (PS) was first developed by Uhlir (1956) when performing 
electrochemical etching of silicon and it exhibits unique optical and electrical properties 
due to quantum confinement effects was reported by Canham (1990) and Cullis et al 
(1997) [1-3]. 
Nanostructured porous silicon has been used for chemical and biological sensing 
due to its morphological and physical properties like tunable pore size. It is very sensitive 
to the presence of biochemical species that can penetrate inside the pores and it has a 
sponge-like structure with a specific area of the order of 200 - 500 m /^cm^ [4-8]. 
PS provides a large and often highly reactive surface area, which enables more 
effective capture and detection of biomolecules than bulk materials. Biomolecule 
detection using a porous silicon platform was pioneered by Sailor and coworkers in the 
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A B S T R A C T 
Nanowire-based detection strategies provide promising new routes to bioanalysis and indeed are attiactive 
to conventional systems because of their small size, high surface-to-volume ratios, electronic, and optical 
properties. A sequence-specific detection of single-stranded oligonucleotides using silicon nanowires 
(SiNWs) is demonstrated. The surface of the SiNWs is functionalized with densely packed organic monolayer 
via hydmsilylation for covaJenf atrachmenr. Subsequently, deoxyrihoinidek add (DNA) i.s immohili^ed td 
recognize the complementary target DNA. The biornolecular recognition properties of the nanowires .irc 
tested via hybridization with "'P '^' tagged complementary and non-complementary DNA oligonucleotides, 
showing good selectivity and reversibility. No significant non-specific binding to the incorrect sequences is 
observed. X-ray photoelectron spectroscopy, fluorescence imaging, and nanodrop tecliniques are used to 
characterize the modified SiNWs and covalent attachment with DNA. The lesnlts show that SiNWs arc 
excellent substrates for the absorption, stabilization and detection of DNA sequences and could be used for 
DNA microarrays and micro fabricated SiNWs DNA sensors. 
?) 2010 FIsevicr B.V. All nghf; reserved 
1. Introduction 
Nano-scale bloelectronic devices have been demonstrated to 
possess unique characteristics for ultra-sensitive, miniaturized mo-
lecular sensing applications. The sensing mechanism of semiconduc-
tor nanostructures, such as carbon nano-tubes [1-3|, silicon 
nanowires [4.5], tin oxide (SnOj) nanowires [6] and ln203 nanowires 
[7] is generally believed to be related with the change in structural 
surface properties in the presence or the absence of analyte species 
[8J. Nanowire-based detection strategies provide promising new and 
alternate routes to bioanalysis that could revolutionize the healthcai-e 
industry, Nanowires show promise for verity of sensing strategies, 
including optical [9j, electrical [10], electrochemical [11], and mass-
based 112] approaches. They are attractive because of their small size, 
high surface-to-volume ratios, and/or electronic, optical and magnetic 
properties, which indeed differ markedly from those of bulk or thin 
film materials. This difference is more pronounced as the nanowire 
cross-sectional diameter decreases [13], 
Further silicon nanowires (SiNWs) are attractive because of 
known semi-conducting properties of bulk material. SiNW surface is 
generally covered with native oxide grown instantly in ambient 
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conditions which in most cases can be functionalized with bioaffini-
tive moiety. A number of .SINW biosensors are based on the func 
tionalization of the SiNW by exploiting tnc native oxide IM 21;. 
Highly sensitive and selective sensors for nucleic acids [M ibj, 
proteins [I7,18(, virus [!9[, and cells [18,201 based on SiNWs have 
already been reported, 
DNA sensing strategies have recently been variegated with the 
number of attempts at the development of biosensor devices based on 
nanomaterials with a view to develop DNA microchip systems, DNA 
hybridization is a process in which a probe with specific organization 
of nucleotide bases exhibiting complementary pairing with each other 
under specific given reaction conditions, forms a stable duplex 
molecule. This phenomenon occurs because of the biochemical 
property of base pairing that allows fragments of known sequences 
to find complementary matching sequences in an unknown DNA 
sample [22]. Great interest has been shown in the recent past for the 
development of simple, rapid and user-friendly electrochemical 
detection systems based on DNA sequence and mutani gene analysis, 
for instance, early and precise diagnosis of Infectious agents durin,s; 
routine clinical tests [23-26], Thus, DNA hybridization biosensors can 
be employed for determining early diagnoses of infectious agents In 
various environments |'27; and these devices can be exploited toi 
monitoring sequence-specific hybridization. DNA biosensors are 
attractive especially for converting DNA hybridization event into an 
analytical signal for obtaining sequence-specific infoiinafion in 
connection with clinical, environmental, or forensic Investigations. 
